Flume investigation of the effects of sub-threshold rising flows on the entrainment of gravel beds by Piedra, Miguel M
 
 
 
 
 
Piedra, Miguel M. (2010) Flume investigation of the effects of sub-
threshold rising flows on the entrainment of gravel beds. PhD thesis. 
 
 
 
 
 
http://theses.gla.ac.uk/2134/
 
 
 
Copyright and moral rights for this thesis are retained by the author 
 
A copy can be downloaded for personal non-commercial research or 
study, without prior permission or charge 
 
This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author 
 
When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 
 
Glasgow Theses Service 
http://theses.gla.ac.uk/ 
theses@gla.ac.uk 
  
 
 
 
 
 
 
Flume investigation of the effects of sub-threshold 
rising flows on the entrainment of gravel beds 
 
 
 
Miguel M Piedra© 
Civil Engineer, MSc, CEng, CWEM 
 
 
 
 
 
Thesis submitted in fulfilment of the requirements for the Degree of PhD 
 
 
 
School of Engineering 
Department of Civil Engineering 
University of Glasgow 
 
Glasgow, UK 
September 2010 
 
2 
 
 
 
 
 
 
To my Dad,  
and the days we spent trout fishing with my brother,  
when I learned to love rivers. 
 
 
 
3 
 
Abstract 
 
Recent research on sediment transport in gravel bed rivers shows evidence of 
the influence of sub-threshold flow history on values of entrainment  thresholds 
(Paphitis and Collins, 2005; Monteith and Pender, 2005; Haynes and Pender, 
2007; Haynes and Ockelford, 2008). The research presented here analyses the 
effect of the characteristics of hydrograph rising limbs (flow magnitude and 
duration) on entrainment thresholds of gravel beds, with discharges ranging from 
0.25-1.6 times the estimated bed threshold flow and durations from 0.5h to 6h. 
This analysis uses results from flume experimentation. Entrainment thresholds 
were determined by two well documented methods: a) particle movement 
counts (visual method, Yalin, 1977); and b) the reference transport method 
(RTM) (Parker et al., 1982a; Shvidchenko et al., 2001). Results obtained with 
near-uniform and uniform bed material sizes show a clear influence of flow 
magnitude and duration on entrainment thresholds, with bed resistance 
increasing up to c. 25% for longer durations of antecedent flows when using the 
visual method, similarly to Paphitis and Collins (2005). The results from the 
unimodal gravel bed suggest an intermediate duration of rising limb (c. 2h) 
producing the strongest bed, with more mobile beds resulting from both shorter 
and longer rising limbs. Total bedload transport rates reduce with increased bed 
resistance, this effect is also noted during the stability test phase. These results 
are used to develop a new simplified method for estimating critical bed shear 
stress using only total bedload data. The performance of a new formulation for 
bedload rates derived in this thesis is tested against a number of traditional 
bedload transport equations and appropriately discussed. In-depth analyses of 
bed surface and bedload size composition and surface grain structure show that 
bed surface undergoes little change of size composition, with a slightly 
proportionally larger reduction of fine content, suggesting penetration of fines 
below the surface. The analysis of coarse-grain bed surface structures, mobility 
and clustering, based on the size class containing D90 and using digital images 
taken under UV light, suggests that the surface distribution of coarse grains has 
a primary role on bed stability. 
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Symbols 
 
A surface area 
Atot total surface area 
ai average individual surface area of clusters 
b channel width 
C Integration constant of the logarithmic velocity profile equation 
D diameter of grain 
Di particle diameter corresponding to size i 
Dx particle diameter corresponding to x percentile finer 
Dxs Surface particle diameter corresponding to x percentile finer 
Dxsub 
Subsurface particle diameter corresponding to x percentile 
finer 
d displacement of zero-plane 
Fi percentage of size class i on bed bulk mix 
fi percentage of size class i on bed surface 
f friction factor 
fb bed friction factor 
fw wall friction factor 
g gravity acceleration 
H total flow depth, measured from u = 0 level 
h flow depth, measured from bed surface 
ks grain roughness 
l Mixing length 
ln(-) natural logarithm 
N number of grain movements 
Ne number of elements or clusters on bed surface 
pi percentage of size class I on bedload sample 
Q Fluid discharge 
Qcr Critical flow 
Qini Initial low flow 
Qt Target flow 
Qref Reference flow 
qbi* dimensionless mass bedload transport rate of size class i 
qb total bedload transport rate 
qbivol volumetric bedload transport rate of size class i 
qbiw mass bedload transport rate of size class i 
R2 Correlation coefficient 
Re* Grain Reynolds number 
Rh hydraulic radius 
S bed slope 
S0 slope of energy line 
t time 
U depth-averaged streamwise flow velocity 
u streamwise flow velocity 
ub 
area-averaged streamwise velocity over the exposed-frontal 
particle surface 
U∞ free stream velocity 
u, v, w x, y, and z velocity components of flow velocity 
u’, v’, w’ turbulent components of x, y, and z velocities 
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u* Streamwise bed shear velocity 
V cross section averaged flow velocity 
Wi* dimensionless volumetric bedload transport rate 
x distance along flow direction 
y distance in the cross flow direction 
z vertical distance from bed 
z0 bed hydraulic roughness 
  
  
β Exponent of hiding function 
δ Thickness of boundary layer 
κ von Kárman constant 
µ Fluid viscosity 
ν kinematic viscosity 
ρ fluid density 
ρs sediment density 
σg Geometric sorting coefficient 
τ bed shear stress 
τcr Critical bed shear stress 
τmax Maximum bed shear stress 
θ Shields parameter 
θcri Critical Shields parameter of size i 
ω Stream power 
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_____________________________________________________________________ 
1 Introduction 
1.1 Scientific context 
The scientific, engineering and ecological relevance of river bed stability has 
been highlighted by many authors (eg. Andrews, 1983; Kuhnle, 1993; Buffington 
and Montgomery, 1997). Systematic research into the relationship between 
acting fluid forces and resisting particle forces has been carried out for many 
decades, but without a unifying theory having been developed (Buffington and 
Montgomery, 1997). A large proportion of this previous work was based on 
laboratory experimentation running a range of uniform flows over granular beds 
and recording the flow at which a certain grain size of interest moved, or 
relating bedload transport data to flow records (Neill and Yalin, 1969; Wilcock, 
1988; Shvidchenko et al., 2001; Paphitis and Collins, 2005). The hydraulic 
conditions, typically flow or bed shear stress, at which this movement 
(entrainment) occurred are adopted as the entrainment threshold of the 
particular grain size. This approach formed the basis of Albert Shields’ work in 
the 1930s, which produced the most widely used set of results in sediment 
transport science (Shields, 1936). However, this simple conceptual procedure 
has been challenged by continuously emerging data sets that do not fit the 
values of entrainment traditionally set by Shields (Grass, 1970; Miller et al., 
1977; Shvidchenko and Pender, 2000; Paphitis, 2001; Monteith, 2001), partly 
“Water is the driving force of all nature” 
– Leonardo da Vinci. 
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because of the simplifications adopted in his work, eg. uniform grain size beds, 
and definition of entrainment (Buffington and Montgomery, 1997) . The presence 
and unpredictability of hysterisis cycles in bedload transport records leads one 
to question the nature of sediment entrainment and its relationship with 
discharge (Chapter 2). Also, the widely reported inadequacy of existing bedload 
transport equations to predict solid transport rates in a wide variety of 
conditions and environments (Chapter 5) supports the need to further study 
particle entrainment mechanisms. 
 
The science of sediment transport is highly complex, not so much due to the 
physical principles and equations required, as to the large number of factors 
that affect granular bed mobility (Sutherland, 1987; Knighton, 1998). The effect 
on entrainment of particle size, shape and imbrication, bed size composition, 
hiding effects and channel slope (Chapter 3) have been previously reported 
(Parker et al., 1982a; Wilcock and Southard, 1988; Wilcock, 1993; Shvidchenko 
and Pender, 2000). As research on sediment transport mechanics developed, a 
new element affecting river bed grain entrainment was identified: The effect of 
antecedent conditions, defined as the previous recent flow history which a river 
bed has been subject to, appeared to alter bed stability and entrainment values 
(Reid et al., 1985; Buffington and Montgomery, 1997; Church et al., 1998). Reid 
and Frostick (1986) pointed at flood event magnitude and inter-flood periods as 
causes of the variability of entrainment and bedload transport rates found in 
Turkey Brook, a small river in the UK. Church et al. (1998) directly related the 
history of recent flows to the structural development of the bed; and Allan and 
Frostick (1999) discussed the effects of changes in river regime on the character 
of the river bed matrix and river ecology. Richards (1982) summarises these 
effects in noting that the impact of floods on river systems can be seen as a 
queuing problem, with inter-arrival time of events potentially being as 
significant as peak flow magnitude. 
 
The effect of flow magnitude and duration on bed composition and therefore 
stability is intuitive when large discharges, capable of disturbing the entire river 
bed (full mobility, Frey and Church, 2009), are considered. However, it is not so 
clear that bed stability may depend on flow history when the flows involved are 
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below the estimated entrainment threshold of the bed. Recent research has 
demonstrated that sub-threshold flow conditions alter grain stability and with it 
the entrainment threshold of granular beds (Saadi, 2002; Paphitis and Collins, 
2005; Monteith and Pender, 2005; Haynes and Pender, 2007; Haynes and 
Ockelford, 2008). These studies directly relate the magnitude and duration of 
sub-threshold flows with variations of entrainment and bedload transport 
production. However, all but Saadi (2002) used constant flows throughout the 
entire duration of the antecedent conditions. Constant sub-threshold flows may 
represent inter-flood periods and therefore relate to the findings by Reid and 
Frostick (1986); however, river flows are very rarely constant, displaying hourly, 
daily and seasonal variations. Despite these flow fluctuations, only a small 
proportion of river flows are large enough to fully mobilise the bed in gravel bed 
rivers, i.e. flows above threshold (Parker et al., 1982b; Parker and Klingemann, 
1982; Church et al., 1998). Consequently, the majority of flow conditions 
throughout the year belong to the sub-threshold range. River flow fluctuations 
and small events generate different flow acceleration rates, considered here as 
the rates of increase of flows with time of the hydrograph rising limbs. Other 
authors have partly analysed the effect of flood hydrograph shape on bed 
composition (Powell et al., 2001; Parker, 2004; Hassan et al., 2006); only Saadi 
(2002) had previously focussed on the influence of rising and falling limbs on 
entrainment values. However, his test hydrographs appeared to be above 
threshold and therefore, as methioned above, may not represent the low 
transport capacity conditions most often found in rivers. In addition, a number 
of methodological issues (eg. unclear definition of the estimation of bed shear 
stress, little justification of the flow range used and only one repetition per 
experiment) granted further exploration of the effect of unsteady antecedent 
conditions on the stability of gravel beds. All this previous research clearly shows 
that, despite the growing evidence that river bed entrainment thresholds will 
change depending on sub-threshold flow history, very little research has been 
undertaken on the evaluation of entrainment thresholds of granular beds 
subjected to increasing sub-threshold flows.  
 
River flows are not only naturally variable. Artificial river management and 
regulation activities such as river impoundment, flood control, river abstraction 
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and hydropower generation disturb natural river flow regimes, with the 
consequent change of flow history applied to the river bed material. Further, 
future modifications of hydrological regimes due to climate change (Chapter 2) 
may also affect river bed stability and bed particle size composition; which have 
implications for river habitat and ecology (Parker et al., 1982b). Species such as 
salmonids, depend on certain characteristics of river bed size composition to 
spawn, and any changes in the river bed size distribution caused by changes of 
grain stability may affect their reproduction. In addition, since fluvial 
geomorphology is intimately related to river bed stability and sediment 
transport, studying the effect of antecedent conditions on particle mobilisation 
is implicitly connected to studying morphological changes in river systems. 
Further, as the drive for implementation of renewable energy sources continues, 
with a UK target of 15% of energy production from renewable sources by 2020 
(HM Government, 2009), hydropower generation is increasingly being considered 
and implemented, which requires appropriate policy and regulation. For 
instance, in Scotland, application for licences to construct and operate of 
hydropower schemes require the consequences of river regulation to be 
considered, including the potential impacts on sediment movement (SEPA, 
2005). As previously mentioned, changes in hydrological regimes may affect bed 
stability and habitat conditions downstream and therefore, this research is also 
relevant to regulators and policy makers (Chapter 2). The potential 
environmental and policy consequences of this research were recognised by 
Scottish Natural Heritage, who co-funded this work. 
 
The research work presented in this thesis is therefore an advance on recent 
research on the relationship between sub-threshold antecedent conditions and 
non-cohesive granular beds, specifically, the effect of increasing duration and 
flow magnitude (acceleration rates) of hydrograph rising limbs on entrainment 
threshold of gravel bed rivers. The potential links of this research extend from 
the purely engineering applications on improved estimation of river bed stability 
and sediment transport quantities to environmental and policy issues, such as 
river geomorphology and habitat preservation (Chapter 2). Thus, this is timely 
and targeted research, relevant to a range of scientific, environmental and 
policy requirements.  
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1.2 Research objectives 
Based on the above research context, the objectives of this research are to: 
 
1. measure and quantify the extent to which entrainment thresholds in 
gravel bed rivers are affected by unsteady antecedent conditions, 
specifically, increasing duration and magnitude of sub-threshold flows; 
2. increase and advance existing data and knowledge of entrainment 
mechanisms and of the link between hydrograph shape and granular bed 
stability; 
3. investigate a possible relationship between flow duration and magnitude 
and change of entrainment flows for granular beds; and, 
4. based on the above, suggest a suitable correction due to flow history for 
existing bedload transport equations. 
 
1.3 Conceptual procedure 
The research presented here is based on the comparison of bed entrainment 
thresholds obtained after subjecting granular beds to a range of increasing flows 
over a range of durations. Detailed analyses of bedload quantities and 
composition, bed surface composition and bed structure complete the main 
areas of this work. 
 
Experimental flume investigation was best suited to the aims of this study as the 
strict discharge control and data acquisition requirements of this research were 
unattainable in the field. The experimental work presented here was undertaken 
at the Laboratory of Hydraulics in the Department of Civil Engineering of the 
University of Glasgow, UK. 
 
The development of the experimental work was based on stages of incremental 
complexity and available equipment: 
 
• First, a near-uniform gravel bed was tested, whose entrainment 
thresholds were estimated based only on particle movement counts 
(section 3.4.6.1), since no bedload trap was available at the time. The 
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simplicity of the bed composition and methodology were intended as a 
test of the research hypothesis and previously reported research using 
uniform material (eg. Paphitis and Collins, 2005), i.e. confirming the 
existence of a relationship between antecedent conditions and bed 
entrainment thresholds. In addition, the use of a near single size gravel 
bed reduced the degree of complexity that multiple-size beds have on 
results, isolating the effect of antecedent flows from other factors related 
to bed composition, such as hiding and exposure, fine content and 
bimodality; and therefore, helped to establish the basis of the research. 
These experiments are called the Pilot Runs. 
 
• More complex bed composition and sampling procedures were adopted for 
Stage 1 and Stage 2 experiments, using a sand-gravel unimodal bed 
(Chapter 3). They replicated the conceptual experimental procedure of 
the Pilot Runs, collecting bedload and bed surface composition data in 
addition to particle movement counts.  
 
• Finally, a uniform gravel bed of similar size to the one used during the 
Pilot Runs was tested to re-analyse and confirm the previous work once 
bedload data was available. 
 
1.4 Thesis structure 
This thesis is divided into the following main sections: 
1. Literature review and justification of the research work (Chapter 2). 
2. Explanation of techniques and methods used for collecting and analysing 
data (Chapter 3). 
3. Presentation and discussion of experimental results (Chapter 4). 
4. Study of bedload transport equations and the new methodology for 
bedload predictions developed by this research work (Chapter 5). 
5. Critical assessment of the work carried out and suggestions for 
improvement and future research (Chapter 6). 
6. Summary of the main findings of this research and conclusions (Chapter 
7). 
Chapter 2. Literature review 
28 
 
 
Chapter 2 
Literature review 
 
 
 
 
 
 
_____________________________________________________________________ 
2 Literature review 
2.1 Introduction 
The study of the movement of solid particles under the action of fluid forces in 
river channels faces the highly complex and variable nature of its two 
components: hydraulics and sediment material. Fluid forces are directly related 
to not only a time-average current discharge or velocity but also to the 
fluctuations of the velocity components, i.e. fluid turbulence, which is highly 
variable even for constant flows (Paphitis and Collins, 2005; van Rijn, 2007a). On 
the other hand, river bed material displays complex size compositions that vary 
over the breadth and length of the channel. In addition to this size disparity, 
other particle characteristics such as shape, angularity, geology, and density 
(equation 2-1) affect individual particle mobility (Knighton, 1998). The 
interrelations among bed grains result in yet more degrees of freedom of the 
bed characteristics and complicates the definition of a relationship between 
acting forces and bed sediment properties. These interrelations are represented 
by the diagram shown in Fig. 2-1, based on Ashworth and Ferguson (1986). 
 
Therefore, bedload transport equations should include a range of bed and fluid 
characteristics (equation 2-1): 
qb = f(Q or τ, b, D, S, h, Di/D50, σg, etc.)   Eq. 2-1 
“You cannot step into the same river twice" 
– Heraclitus. 
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qb = bedload transport rate, Q = fluid discharge, b = channel width, D = particle 
diameter, S = channel slope, h = flow depth, Di/D50 = relative size 
(hiding/exposure), σg = sorting of bed material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-1. Diagram representing the interrelationships among channel characteristics, flow and 
bedload transport in gravel bed rivers (modified from Ashworth and Ferguson, 1986). 
 
The complexity of the relationship in equation 2-1 is evident. Generally, bedload 
transport equations use either flow magnitude or bed shear stress (or variables 
derived from them such as stream power or dimensionless bed shear stress) to 
quantify flow intensity. The influence of slope and channel width are included 
when stream power or specific discharge are used; and bed shear stress for 
uniform flows can be estimated using equation 2-2, which includes slope and 
hydraulic radius (channel geometry). Bedload transport equations such as Parker 
(1990) and Wilcock and Crowe (2003) explicitly incorporate bed composition and 
relative size effects (Chapter 5). 
τ = ρgSRh      Eq. 2-2 
Due to the large number of factors affecting particle entrainment and transport, 
developing an equation that produces consistent and accurate quantifications of 
solid transport is difficult and remains unresolved (Frey and Church, 2009). A 
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range of commonly used bedload transport equations is presented and discussed 
in Chapter 5. 
 
It is difficult to summarise the relevant available knowledge on sediment 
transport in just a few pages without being intentionally brief. The following 
literature review presents the main aspects directly related to the subject of 
this thesis: sediment entrainment and flow history. The author is aware that the 
available knowledge is far greater that the sucint discussion in this chapter. The 
reader is referred to the cited literature to expand on the issues discussed here. 
 
2.2 Elements in sediment transport studies 
2.2.1 Need for sediment transport assessments 
Predicting river bed stability and sediment bedload quantities and composition 
remains a major requirement in river engineering and geomorphology (Garde and 
Ranga Raju, 1977; Andrews, 1983; Ashmore, 1988; Newson and Sear, 1998; Wu et 
al., 2000; Haynes and Pender, 2007; Bathurst, 2007; Recking et al. 2008). 
Assessments of river channel mobility and evolution, solid material supply to 
reservoirs, potential hazards such as bridge collapse or culvert blocking, and in-
stream and riparian ecology are some of the areas where sediment transport 
predictions are required (Pender et al., 2001; Peviani and Alterach, 2005; 
Wallerstein et al., 2006). There is also increasing recognition that the 
restoration of the physical processes that create river habitats is an essential 
component of fluvial restoration (Goodwin, 2004). However, despite this 
widespread need among river practitioners, accurate quantification of sediment 
transport remains one of the biggest challenges (Wiberg and Smith, 1989; Wu et 
al., 2000; Frey and Church, 2009). Considerable efforts continue to be put into 
developing bedload transport equations that sequentially improve those already 
available (de Linares and Belleudy, 2007), yet none of the available bedload 
equations appears to be universally applicable (Bathurst, 2007), with large 
under- or overestimations being reported when the equations are applied to 
conditions different to those from which the formulations were developed (Reid 
et al., 1985; Gomez and Church, 1989; Wiberg and Smith, 1989; Powell et al., 
2001). Variations in the characteristics of the river bed, such as particle size, 
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shape and composition, particle interactions, hiding, channel slope, hydraulic 
regime and channel geometry are some of the factors affecting particle mobility 
and hence, particle motion (Parker et al., 1982b; Andrews and Parker, 1987; 
Kuhnle, 1992; Knightonon, 1998; Shvidchenko and Pender, 2000; Bathurst, 2007). 
This complexity of the mechanics of particle transport makes multi-parameter 
equations difficult to develop. 
 
An essential element of any approach to sediment transport quantification is the 
definition and estimation of the flow conditions at entrainment and the 
associated threshold of motion. These are concepts invariably linked to sediment 
transport equations as they define their applicability and greatly affect their 
results. The definition of entrainment conditions are discussed in section 2.3. 
 
Bedload is defined as the solid material transported over the bed surface by 
rolling, sliding and saltating (Knighton, 1998). The large majority of bedload 
transport equations employ a deterministic approach based on the functional 
relationship between bedload discharge qb and an excess hydraulic force over a 
threshold, below which little or no transport is considered (Garde and Ranga 
Raju, 1977; Andrews and Parker, 1987; Knighton, 1998). This definition has two 
consequences: (1) the determination of a meaningful minimum value of 
hydraulic force that is characteristic of the bed; and, (2) the repesentativeness 
and reliability of this value. It is noted here that two extensively used methods 
for estimating entrainment flows (Visual and Reference transport, see section 
3.4.6) are based on the adoption of a sufficiently low minimum number of 
particle movements or bedload amount respectively (Neill and Yalin, 1969; 
Yalin, 1977; Paphitis and Collins, 2005; Parker et al., 1982a; Parker, 1990; 
Wilcock and Crowe, 2003); implying that particle movements can occur below 
such flows, albeit in small quantities. This is reasonable, since defining 
entrainment based on a single particle movement (or associated transport rate) 
will be subject to errors due to the considerable stochastic component of 
sediment movement (Miller et al., 1977; Dancey et al., 2001; Bottacin-Busolin et 
al., 2008). However, since these thresholds of movement are defined by the 
author of the particular technique, it is clear that there is no unique absolute 
definition of entrainment. The concepts of meaningful and representative 
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minimum flow conditions will be discussed below. At this stage it suffices to 
point out that not only the determination of a minimum value for entrainment is 
difficult, but if this value is taken as the one corresponding to the initiation of 
motion, bedload equations may underestimate transport amounts, since, as 
demonstrated by Reid and Frostick (1986) and McEwan et al. (2004), bedload 
transport certainly occurs below the calculated incipient motion “threshold”. 
However, the application of a minimum flow or shear stress associated to 
initiation of movement is widely accepted (Meyer-Peter and Müller, 1948; 
Parker, 1990; Wilcock and Crowe, 2003).  
 
There is a considerable number of bedload transport equations, which relate 
hydraulic forces to sediment transport rates. These hydraulic forces can be 
represented by flow Q (Hassan and Woodsmith, 2004; Goodwin, 2004; Bathurst, 
2007; Barry et al., 2008), stream power ω (Bagnold, 1980; Reid and Frostick, 
1986; Ashmore, 1988), velocity V (Ackers and White, 1973; Thompson, 1985) bed 
shear stress τ (Parker, 1990; Wilcock and Crowe, 2003) or Shields’ dimensionless 
shear stress θ (Meyer-Peter & Müller, 1948; Zhang and McConnachie, 1994; 
Recking, 2009). Although ultimately related to one another and so inter-related, 
the selection of one variable over the others is rarely justified theoretically, 
rather, it is more of a personal choice or a generally accepted 
variable/procedure in the field of expertise of the author (Ashmore, 1988; 
Gomez and Church, 1989). In addition to the absence of a unique independent 
variable, there does not appear to be a universal equation that can successfully 
encompass all the variability encountered in laboratory and natural channels 
(Wiberg and Smith, 1989; Bathurst, 2007). Some authors even question the 
possibility of developing a unique relationship between sediment transport rate 
and hydraulic conditions (Davoren and Mosley, 1986). After their extensive 
analysis of bedload equation performance, Gomez and Church (1989) suggested 
that different formulations should be used depending on the purpose and 
available data. They concluded that none of the equations tested, and possibly 
no formula, was capable of producing generally adequate predictions of 
transport rates. Batalla (1997) pointed out that bedload formulae are based on 
the assumption that specific relationships exist between hydraulic variables, 
sedimentological conditions and bedload transport rates; yet, bedload variability 
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is also associated with size-segragated transport and the advance of bedload 
sheets and bedload pulses (Whiting et al., 1988; Hoey and Sutherland, 1991). 
Batalla (1997) also indicated that temporal and spatial variability is inherent to 
solid transport processes. This reported difficulty to produce accurate 
predictions of solid transport is not only based on the formulation adopted, but 
most importantly, on the innate difficulty to account for the wide range of 
factors influencing particle mobility in river flows (Church et al., 1998; 
Knighton, 1998). Despite these challenges, the importance of assessing bed 
material stability (Ferguson, 1994) and the constant need for accurate 
estimations of river bed mobility and sediment transport continues (Bathurst, 
2007), there is a demand for further research in the mechanics of granular beds 
(Frey and Church, 2009). 
 
2.2.2 Uniform-Non-uniform bed material 
Grain mobility depends on individual particle size, larger grains will have a 
greater submerged weight and thus be, in principle, more resistant to 
movement. However, the relative size of the particles in relation to the 
surrounding ones alters this size-selective mobility (Wilcock, 1992; Kuhnle, 
1992). In essence, finer particles are protected by larger, more exposed grains, 
reducing the differences of mobility related to grain size. This alteration of the 
mobility characteristics of fine and coarse material due to relative size is called 
hiding and exposure respectively (Parker and Klingeman, 1982; Andrews and 
Parker, 1987; Wathen et al., 1995; Wilcock and Crowe, 2003; van Rijn, 2007b; 
Vericat et al., 2008). 
 
Many studies of sediment transport, including some parts of this work, have been 
conducted using uniform material (eg. Shields, 1936; Ackers and White, 1973; 
Shvidchenko and Pender, 2000; Paphitis and Collins, 2005). The simplicity 
provided by narrowly-distributed granular compositions indirectly reinforces the 
notion of added complications when multi-sized beds are used in sediment 
transport studies. However, the results obtained using uniform beds may not 
necessarily be readily applicable to non-uniform mixtures (Carling, 1983; 
Bathurst, 2007; Recking, 2009), where hiding and other particle interactions 
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modify grain mechanics and mobility (Graf, 1970; Ashworth and Ferguson, 1989; 
Wilcock and Crowe, 2003).  
 
2.2.3 Channel geometry 
Channel geometry affects the hydraulic terms in many bedload equations. A 
number of bedload transport equations use unit discharge Q/b or stream power 
ω = ρgQS as the independent variable (Bagnold, 1980; Reid and Frostick, 1986; 
Ashmore, 1988; Hassan and Woodsmith, 2004; Barry et al., 2008). Two rivers, or 
even two different reaches of the same river, may carry the same flow at the 
same slope; however, cross section geometry may well result in different flow 
widths and depths, altering the forces acting on the bed, and with them, 
entrainment and sediment transport capacity. Bagnold (1977, 1980) and 
Shvidchenko and Pender (2000) reported reductions of channel bedload transport 
capacity with increasing relative depth h/D; while Carling (1983) reported 
critical shear stress four times larger in a narrow river than a wider one. Smaller 
relative depth implies higher penetration of the roughness elements (grains) into 
the flow depth, increasing hydraulic roughness, altering the distribution of flow 
velocities and shear stresses (Fig. 2-1), with stronger turbulent eddies being 
closer to the bed; thus, affecting entrainment capacity and the sediment 
transporting power of the flow (Bagnold, 1977; Carling 1983; Reid et al., 1985; 
Buffington and Montgomery, 1999; Shvidchenko and Pender, 2000). The result is 
yet another source of variability of bedload equations, which may not be 
applicable to channels with different cross sectional geometries. As hydraulic 
conditions depend on channel geometry (Fig. 2-1, Ashworth and Ferguson, 1986), 
a representative variable that can be universally applied is required. Bedload 
transport equations based on the description of the forces acting over the grains, 
such as those that used bed shear stress of Shields dimensionless stress (Meyer-
Peter and Müller, 1948; Parker, 1990; Wilcock and Crowe, 2003) (Chapter 5), are 
likely to eliminate the influence of channel geometry, as they quantify forces 
over the bed, regardless of the cross section geometry.  
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2.2.4 Hiding 
It is intuitive that higher flows are required for entraining and transporting 
coarser bed grains than for finer particles, as shown by Shields (1936) with the 
dimensionless shear stress values being constant for large Reynolds stress values. 
However, when studying selective entrainment of river bed particles with 
increasing shear stress (or flows) some authors have noted that all grain sizes 
appear to move at approximately the same shear stress, equal mobility, (Parker 
et al., 1982a; Wilcock and Southard, 1988), whereas others found a degree of 
size selectivity, i.e. higher shear stresses are required to move the coarser 
particles (Ashworth and Ferguson, 1989, Kuhnle 1993, Wilcock and MacArdell, 
1993, Wathen et al., 1995). These differences are due to the influence of 
sediment protrusion/exposure and finer fractions being “protected” by larger 
grains (Parker et al., 1982b; Andrews and Parker, 1987). The effect of grain size 
on entrainment can be expressed with a relationship between critical shear 
stress and sediment size (Fig. 2-2), often called a hiding function (eg. equation 
2-3).  
 
 
 
 
 
 
 
 
 
Fig. 2-2. Sketch representing the effect of equal mobility and size selectivity on entrainment 
thresholds in relation to the bed material median size threshold.τcri and τcr50 are the 
entrainment thresholds of size class Di and median size D50 respectively, (modified from Parker 
and Klingeman, 1982). 
 
Thus, the intuitive relationship between particle size and stability, for which 
larger, heavier particles will move at larger flow rates, is reduced or even 
inverted by hiding effects, whereas smaller particles are protected from 
hydraulic forces by the presence of larger ones. On the contrary, coarse grains 
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are more exposed to flow and hence more likely to be entrained than their size 
and weight would suggest (Parker, 1990; Knighton, 1998).  
 
In his thorough review of hiding functions Sutherland (1992) highlights the 
relevance of appropriate hiding functions for the predictions of transport rates 
and as descriptors of bed behaviour. He analyses the different sensitivity to 
hiding of fine and coarse size classes, where finer sizes reflect proportionally 
larger increases of entrainment thresholds relative to the scaling size (eg. D50) 
than coarser fractions, resulting in the common asymmetry of the hiding 
functions respect Di/D50 (see Figure 3 in Sutherland, 1992). If hiding functions 
are derived from entrainment threshold data obtained assuming a certain 
reference transport rate, the value of that reference transport will affect the 
function, since departures from equal mobility are observed with increasing 
values of transport rates used as reference (Sutherland, 1992). Hiding functions 
are also influenced by (1) bed surface composition and (2) structure, as mobility 
conditions depend on these two elements (section 2.2.6). Regarding the former, 
Sutherland (1991) questions the adequacy of D50 and σg as descriptors of the bed 
grain size distribution for use in hiding function studies, as the behaviour of the 
tails of the size distributions affect the hiding functions but are not incorporated 
in σg. In relation to bed structure, this can change without altering bed surface 
composition (sections 4.2.3 and 4.2.8), with spacing, size and arrangement of 
larger elements (grains or groups of grains, section 4.2.8) being specifically 
identified by this author as primary factors affecting hiding. 
 
Hiding has received considerable attention and a number of equations are 
available for its quantification (White and Day, 1982; Parker et al., 1982a; 
Ashworth and Ferguson, 1989; Wathen et al., 1995; Wilcock and Crowe, 2003). In 
general, hiding functions take the form: 
β
θ
θ








=
5050 D
Di
cr
cri
    Eq. 2-3 
where θcri and θcr50 are the critical dimensionless shear stress (θ = τ/[(ρs-ρ)gD]) 
of particle size Di and D50 respectively and β  is a parameter, with ρs and ρ being 
the solid material and fluid densities. Values of β  range from -1 to 0, with 
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values depending on the degree of bed bimodality (Wilcock, 1993), and are 
indicative of the degree of transport equality shown by the bed material. If β  = 
0, then 5050 DD cricri ττ =  and critical shear stress is proportional to grain size 
(Fig. 2-2); thus, sediment transport is size-selective. If β  = -1, then 50crcri ττ =  
and critical shear stress is constant for all sizes, i.e. equal entrainment is 
achieved. Most common values of β  range from -0.6 to -1 (Parker et al., 1982; 
Andrews,1983; Ashworth and Ferguson, 1989; Sutherland, 1992; Kuhnle, 1992), 
showing a degree of hiding.  
 
For instance, Andrews (1983) obtained an exponent value of -0.872, with D50 
based on the subsurface material, showing some divergence from equal 
entrainment. Wathen et al. (1995) obtained an exponent of -0.70 based on the 
gravel fractions , clearly supporting size selectivity. However, when both sand 
an gravel fractions are included, the exponent becomes -0.90, reflecting that 
sand is more likely to display equal entrainment than gravel (Wathen et al, 
1995). In addition, Wilcock and McArdell (1993) argued that in poorly sorter 
beds, the sand and gravel fractions appear to behave differently, with selective 
entrainment of the gravel and more equal mobility of the sand fraction. Thus, 
the composition of the bed will affect the values of the exponent β . Ashworth 
and Ferguson (1989) and Parker (1990) conclude that for low flow conditions 
departure from equal entrainment is more likely, with values of exponents 
reducing to around -0.65 (Asworth and Ferguson, 1989), while as flows increase 
and general mobility of the bed occurs, the behaviour of the bed particles moves 
towards equal entrainment. 
 
2.2.5 Particle shape 
The shape of particles has also been identified as affecting grain mobility 
(Krumbein, 1941; Carling et al., 1992; Knighton, 1998; Monteith, 2001). 
Krumbein (1941) highlighted the influence of particle shape on selective 
transport and related grain sphericity (ratio of surface area to volume) to the 
response of particles to lifting forces, so the behaviour of particles during 
movement could be different depending on their sphericity (Gomez, 1994). For 
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instance, Monteith (2001) showed how critical bed shear stress of marine gravel 
was approximately 30-60% larger than fluvial gravel of the same diameter (2–4 
mm), with differences increasing with grain size. Fluvial grains were angular and 
sub-angular and marine particles were rounded or sub-rounded. Sphericity 
ranges were 0.66-0.85 and 0.63-0-75 for marine and fluvial particles 
respectively. Carling et al. (1992) and Sutherland (1987) highlighted the 
dependency of bed packing and probability of entrainment on particle shape, in 
the sense that grain shape affects the particle contact, pivoting angles and 
exposure to flow, with plate-like grains being less exposed to flows than more 
spherical grains of the same intermediate diameter (b-axis). They also indicated 
that the imbrication potential depends on particle shape and size. Their results 
showed that critical conditions changed with particle shape and orientation for 
the same grain size. 
 
2.2.6 Armouring 
A bed surface layer that is noticeably coarser than the subsurface material is a 
common characteristic of gravel bed rivers (Andrews and Parker, 1987; Church 
et al., 1987), with its depth being approximated by the size of an arbitrary large 
(or largest) particle size on the surface (Andrews and Parker, 1987; Sutherland, 
1987). Since the presence of a range of particle sizes is necessary, non-uniform 
material is essential for the formation of this coarser layer (Parker et al., 
1982b). Two types of coarse surface layers have been defined, depending on 
their originating processes: (1) armour or static armour appears when there is a 
lack of sediment supply and fine material is winnowed away during flows of 
limited competence, leaving mainly immobile coarse particles on the river bed 
(Sutherland, 1987; Andrews and Parker, 1987); (2) pavement or mobile armour is 
formed under equilibrium transport conditions in which the concentration of 
larger particles increases (Andrews and Parker, 1987; Church et al., 1987); 
mobile armour is a mobile bed phenomenon and coexists with the mobilisation of 
all available sizes (Parker et al., 1982b), unlike the static armour. Mobile 
armouring may be expected under partial mobility conditions, when only some 
of the grains within a certain mobile size class actually move (Parker and 
Klingeman,1982: Wilcock, 1997; Lisle et al., 2000; Hassan and Church, 2000). 
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Lisle et al. (2000) defined partial and fully mobile channels when 0.03 < θ < 0.06 
and θ > 0.06 respectively, or alternatively, τ > 2τcr (Church et al., 1998). In any 
of the two types of armours, the formation of a coarse surface layer is directly 
related to incipient motion, size selective entrainment and material availability. 
Armouring results in relative greater exposure of larger particles to flow forces 
and relative abundance of coarse particles compared to fine grains; thus, 
reducing differences in mobility between grain sizes (Parker and Klingeman, 
1982). In addition, the size distribution of the bed surface affects bed roughness 
and hydraulic conditions (Carling et al., 1992; Clifford et al., 1992; Papanicolaou 
et al., 2001); hence, changes of bed surface composition by armouring may alter 
the stability of the bed.  
 
In the experiments presented here neither sediment feed or recirculation were 
included (Chapter 3). Thus, this research falls within static armour conditions. 
Parker et al. (1982b) reported an initial abundance of fines in the bedload 
samples and coarsening of the bed surface and finer particles penetrating below 
the bed surface. Although the flows employed were above threshold, contrary to 
those used as antecedent conditions in the present thesis, some evidence of this 
is seen in the results reported (Chapter 4). The time scale for the formation of 
armoured layer under static armour conditions depends on the flow magnitude 
applied and the characteristics of the bed (Tait et al., 1992). For instance, Tait 
et al. (1992) found a decline of the transport rate under constant flow occurred 
after periods of 100-500 minutes of flow exposure. Sutherland (1987) analysed 
the work of Proffit (1980) and reported that bedload transport rates remained 
approximately constant for the first hour. Using flume experimentation Pender 
et al. (2001) showed that the stabilisation of bedload transport rates 
(representing the appearance of an armoured layer) depended on the shear 
stress applied, but typically occurred after hundreds of minutes (200-800 
approximately). Further, Andrews and Parker (1987) qualify the armouring 
process as “slow”, reporting periods of over 50h before the size distribution of 
the armour layer stabilised in flume experiments. In the work presented here, 
periods of constant flow were brief compared to those discussed above (typically 
around or below 1h, Chapter 3). Thus the time available for armouring was 
limited. Contrary to the majority of the degradation experiments (static 
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armouring formation) typically carried out in studies of sediment transport, the 
discharge magnitudes were constantly increasing in the experiments reported in 
this thesis. This makes the assessment of the level of armouring expected very 
difficult as each flow stage can be viewed as a short duration degradation 
experiment, which is interrupted after a short period by a new increase of flow. 
Further, all flows employed here as antecedent conditions are sub-threshold, 
i.e. the mobility of the bed expected is minimal. As Andrews and Parker (1987) 
express, armouring will occur when a gravel mixture is exposed to a flow just 
above to transport most of the available particles, in the absence of sediment 
supply from upstream. This leads to the requirement of a minimum flow value 
sufficient to move “most of the available sizes”, which is not the case in the 
sub-threshold flows used in this research. Thus, the development of a clear 
armour layer is not expected in the experiments presented in this thesis. 
 
2.2.7 Bedforms  
Bedforms are recognisable bed surface features comprising multiple grains. They 
can be identified at reach scale (step-pools, riffles-pools, point bars) or local 
scale (pebble clusters, ripples, dunes, plane beds, bedload sheets, sand ribbons, 
transverse ribs) (Bluck, 1987). Reach-scale features are more relevant to fluvial 
geomorphology as they cover large lengths of rives, and in terms of sediment 
transport, they are more related to sediment supply rather than entrainment 
(Knighton, 1998). However, small-scale bedforms have a direct impact on the 
boundary roughness and turbulence at grain scale (Carling et al., 1992; Clifford 
et al., 1992; Papanicolaou et al., 2001), and therefore studied in this thesis, 
since bedforms impose a flow resistance (drag) on the flow additional to that 
associated with the grains themselves (Carson and Griffiths, 1987; Knighton 
1998; Buffington and Montgomery, 1999a).  
 
The presence of particle groups or clusters have been widely reported (Bluck, 
1987; Reid and Frostick, 1986, Church et al. 1987, Hassan and Reid, 1990; Marion 
et al., 1997, Reid et al. 1997, Knighton, 1998; 2003; Church et al., 1998; Marion 
et al., 2003 Oldmeadow and Church, 2006). Clusters are small-scale 
accumulations of grains of varying sizes, generally supported by a coarse grain 
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(key stone) larger than D84 (Hassan and Church, 2000) that resist larger fluid 
forces than as individual grains, increasing general bed stability and reducing 
bedload transport rates (Church et al., 1987; Sutherland, 1987; Hassan and Reid, 
1990; Reid et al., 1997; Knighton, 1998; Oldmeadow and Church, 2006; Frey and 
Church, 2009). Their formation is related to partial transport and bed structure 
development (Hassan and Church, 2000). Marion et al. (1997, 2003) noted that 
for flow conditions where bed shear stresses are between once and twice the 
entrainment threshold, particles at the bed surface rearrange horizontally, 
forming stabilising groups of particles or pebble clusters. These authors 
concluded that for shear stresses slightly above critical, horizontal sorting 
(formation of surface structures) is more likely than vertical sorting (armouring 
and size segregarion over the bed depth), although the two are in competition 
(Marion et al., 1997). Since the purpose of the research presented in this thesis 
is studying the effect of sub-threshold flow exposure on bed entrainment, these 
bed compositional and structural changes are important. 
 
2.2.8 Slope 
The impact of bed slope on entrainment has only been recently analysed 
systematically (Shvidchenko and Pender, 2000; Shvidchenko et al., 2001; Recking 
et al., 2008 and Recking, 2010). Channel slope is closely related to relative 
depth Rh/D or h/D (Rh ≈ h for wide channels, Garde and Ranga Raju, 1977, where 
Rh = hydraulic radius, h = depth and D = particle size); as, for a given channel 
bed material carrying a certain flow, an increase of slope will lead to a 
reduction of flow depth and with it a decrease of relative depth. An indirect 
analysis of the influence of slope or relative depth was carried out by Bagnold 
(1977) using flume and field data, where a relationship between bedload rate 
and stream power ω included an inverse relationship with h/D. However, 
Ashmore (1988) reported lower values of bedload transport rates for the same 
flow for shallower slopes. Shvidchenko and Pender (2000) and Recking (2009) 
showed flume and field results in which the minimum flows required for 
initiation of movement increased for steeper slopes. The former authors 
justified their results by means of the relationship between flow resistance and 
relative depth, for which Darcy-Weisbach friction factor f = 8gRhS/U
2 (Knighton, 
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1998; Shvidchenko and Pender, 2000) increases with decreasing relative depth 
for transitional and rough turbulent flows. According to Recking (2009), hiding 
effects increase with increasing slope, and therefore, transport rates decrease 
for a given θ/θcr, with θ and θcr being the dimensionless bed shear stress of the 
fluid and critical conditions respectively.  
 
This effect can be explained when considering the relationship of friction factor 
and relative depth for a constant bed slope. For higher flows depths are larger 
and the effect of bed roughness is limited to a smaller proportion of the flow 
depth, resulting in smaller friction factors. However, as flow depths decrease 
with smaller discharges, the penetration of roughness elements reaches closer to 
the fluid surface, making friction factors higher (Recking, 2008, 2009). In 
addition, when small relative depths are present, a proportionally larger 
component of the available fluid forces is dedicated to maintain the flow, 
resulting in smaller ability to entrain and transport bed particles. Buffington and 
Montgomery (1999) suggested that as hydraulic roughness of the channel 
increases, smaller proportion of the total shear stress exerted by the fluid is 
available for sediment transport. Thus, the reduction of relative depth with 
steeper beds produces the acceleration of flow velocities, changing the 
hydraulic conditions. The increase of critical shear stress with slope observed by 
Shvidchenko and Pender (2000) and Recking (2009) may also result from an 
enhanced friction between grains as the component of the particle submerged 
weight parallel to the bed plane Wp increases for steeper slopes (Fig. 2-3). This 
will increase flows required for entraining the particle, in agreement with 
Shvidchenko and Pender (2000). Pender et al. (2001) noted that bedload rates 
and total material increased with steepness, and Bathurst (2007) showed how 
unit bedload transport rates (kg/m/s) increased with larger bed slopes for the 
same sediment size (D50 = 22 mm). Whereas as mentioned above, Shvidchenko et 
al. (2001) and Recking (2009) found that entrainment thresholds increase with 
slopes. This may indicate that steeper slopes delay initiation of movement but 
once this onset occurs, transport rates produced are higher. Bathurst (2007) 
derived from Bagnold (1980) that as depth decreases for a given stream power ω 
sediment transport becomes more efficient and bedload transport increases. 
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Fig. 2-3. Comparison of submerged weight components parallel and orthogonal Wp and Wo to 
bed plane for two bed slopes: A) small slope and, B) steep slope. WpA < WpB and therefore, the 
friction between particles is enhanced for steeper slopes. 
 
 
Therefore, river bed slope is yet another factor affecting particle mobility. The 
effect of bed slope is investigated in this research for the data sets where 
comparison was possible (Chapter 4). 
 
2.3  Definition of entrainment  
The concept of entrainment of river bed sediment material is complex, with 
different definitions being used for different purposes. Entrainment is used to 
describe the physical inclusion of solid particles into the fluid motion, i.e. 
transport of grains by the fluid. This mobilisation of bed particles occurs when 
fluid forces reach a minimum value, or threshold, sufficiently large to overcome 
resisting forces, point in which the particle is entrained (van Rijn, 2007a). 
Experiments using video recording have observed the vibration of particles prior 
to entrainment (Allan and Frostick, 1999). This threshold of motion is also called 
the critical flow, stress or stream power, depending on the variable used. This 
critical flow should not be confused with the hydraulic conditions for which the 
Froude number Fr = 1. Whenever appropriate, the use of critical flow will be 
replaced by entrainment flow to avoid misunderstanding. Van Rijn’s rather 
idealised definition of threshold of motion is more practically defined by Paphitis 
and Collins (2005) as the specific point within the sequential process of 
transport where a small (arbitrary) amount of sediment grains are entrained or 
set in motion (p. 828). This allowance of a small amount of sediment transport 
before defining the threshold is crucial for determining an appropriate value of 
entrainment threshold and is the basis of a number of methods for estimating 
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entrainment (Yalin, 1977; Parker et al., 1982; Shvidchenko and Pender, 2001; 
Wilcock and Crowe, 2003; Paphitis and Collins, 2005). However, the existence of 
a small number of grain movements below the accepted threshold has also 
implicitly associated the stochastic nature of sediment transport (Einstein, 1950; 
Miller et al., 1977; Andrews and Parker, 1987; Sutherland, 1987). Van Rijn 
(2007a) defined initiation of motion or entrainment as the moment when 
“…instantaneous fluid force on a particle is just larger than the instantaneous 
resisting force related to the submerged particle weight and the friction 
coefficient” (van Rijn, 2007a p.651). He considered that driving forces are 
strongly related to the local near bed velocities. In turbulent flows these 
velocities fluctuate in space and time, which, together with the randomness of 
particle characteristics such as size, shape and position, introduces a stochastic 
component to the initiation of motion (eg. Grass, 1970). Authors such as McEwan 
et al. (2004) accepted that grain motion can occur at any non-zero time 
averaged flow by turbulent fluctuations of the instantaneous stress above the 
thresholds of individual sediment grains. Grass (1970), Andrews and Parker 
(1987) and Paphitis and Collins (2005) associated probability functions to acting 
and resisting forces where the overlap of these two functions defines the degree 
of solid transport (section 2.5.4). If threshold of movement was to be rigidly 
defined as that flow that produces the first entrainment of a single grain of 
certain size, the critical condition might be achieved by the combination of a 
turbulent burst and a particularly unstable grain, equivalent to a very small 
overlap of the above probability functions.  
 
Despite all the factors affecting bedload movement noted above, the value of 
the threshold of motion is often assumed to be a characteristic parameter for a 
given particle size when shape and hiding effects are considered. However, this 
assumption is questioned by much of the work noted above, with recent 
research showing two main limitations to this assumption: (1) entrainment 
thresholds appear to increase with steeper slopes or smaller relative depth 
(Shvidchenko and Pender, 2000; Shvidchenko et al., 2001; Recking, 2010), and 
(2) entrainment thresholds change depending on the flow history to which the 
bed has been exposed (Reid and Frostick, 1986, Paphitis and Collins, 2005; 
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Monteith and Pender, 2005; Haynes and Pender, 2007; Haynes and Ockelford, 
2008).  
 
2.4 Effects of hydrographs and flow history 
The vast majority of sediment transport experiments undertaken in the last 70 
years have used constant flow and equilibrium sediment transport (Shields, 
1936; Meyer-Peter and Müller, 1948; Parker et al., 1982a,b; Hassan and Reid, 
1990; Tait et al., 1992; Wilcock, 1993, Buffington and Montgomery, 1997; and 
Paphitis an Collins, 2005). There are multiple reasons for this, some related to 
the complexity of the transport processes, others to the difficulties of measuring 
grain movement at times when laboratory apparatus were inadequate for certain 
measurements (Carollo et al., 2005). Advances in technology have since resulted 
in the development of acoustic Doppler velocimeters (ADV), laser scanning, 
accurate control of pumps, photography/video recording, etc. The use of 
simplified laboratory conditions were sometimes simply due to the need for 
developing the little available knowledge on sediment transport from simple 
ideas and processes. Thus, many of the transport equations, entrainment 
threshold criteria and sediment movement theories have been developed under 
these steady flow conditions (Shields, 1936; Parker et al., 1982a; Meyer-Peter-
Muller, 1948; Yalin, 1972; Buffington and Montgomery, 1997). 
 
There is increasing evidence that antecedent flow history affects the mobility of 
gravel beds and produce differences of bedload rates and entrainment flows 
(Reid and Frostick, 1986; Church et al., 1998; Paphitis and Collins, 2005; Hassan 
et al., 2006, Haynes and Pender, 2007, Haynes and Ockelford, 2008) and also 
plays a relevant role on the development of surface structures (Church et al., 
1998 and Oldmeadow and Church, 2006), which are also linked to bed stability 
and hydraulic condiditons (Laronne and Carson, 1976; Brayshaw et al., 1983; 
Hassan and Reid, 1990; Hassan and Church, 2000; Frey and Church, 2009). This 
leads to question what are the factors affecting these reported changes and 
what are the consequences of the findings.  
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There are three main issues related to flow variability when it comes to particle 
entrainment and transport: (1) different bedload amounts for the same flows 
located either side of the peak in a flood hydrograph (hysteresis); (2) effect of 
hydrograph shape on bedload rates and bed composition; and, (3) the influence 
of antecedent conditions and flow history on bed stability. Although separated 
here for ease of discussion, these three factors are interrelated. 
 
2.4.1 Hysterisis  
Different bedload amounts can be produced by the same flow magnitude, 
depending on whether the flow occurs on the rising or falling limb of a 
hydrograph. The consequence is the production of hysterisis loops (Fig. 2-4), 
with different solid transport rates in the falling and rising limbs (Reid et al., 
1985; Church et al., 1991; Knighton, 1998; Saadi, 2002; Hassan et al., 2006). 
These have been linked to the bed conditions and stability prior to the 
occurrence of particle mobilising flows (Reid et al., 1985; Reid et al., 1997). 
According to Reid et al. (1997), armouring contributes to the differences in 
transport rates between the rising and falling limb of a hydrograph. Current 
conventional bedload transport equations cannot reproduce these hysteretic 
cycles, as the relationship between acting forces and solid discharge is uniquely 
defined, i.e. certain flow/stress will result in only one bedload quantity. Reid 
and Frostick (1986) identified two thresholds, one for initiation of motion and 
another one for cessation, where cessation threshold was only about 20% that of 
initiation. These different motion thresholds were present in the rising and 
falling limb of hydrographs respectively. While the threshold for the cessation of 
motion is closely linked to particle size and the balance of forces applied on an 
individual particle, the entrainment threshold depends, as discussed earlier, on 
additional factors such as particle imbrication, surface structures and relative 
sizes surrounding the grain, which appear to be affected by the recent previous 
flows to which the bed material has been exposed (Reid and Frostick, 1986; 
Church et al., 1998).This highlights the apparent different behaviour of solid 
transport before and after entrainment, which bedload equations cannot 
appropriately represent (Reid et al., 1985). 
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Fig. 2-4. Examples of hysteresis loop (after Reid et al., 1997). 
 
2.4.2 Effect of hydrograph characteristics 
Reid et al. (1985) highlighted the influence of the separation between flood 
events on entrainment and sediment transport rates, where longer periods of 
low flows (approximately 2 months) appeared to produce more resistant beds. 
Conversely, high flow events that were shortly preceeded by another spate 
resulted in bed mobilisation for lower flows than isolated events and produced 
larger bedload rates for the same discharge (see next section). They linked this 
effect to higher entrainment thresholds when floods are distant apart and to 
hysterisis cycles, where transport rates either side of the peak flow reflect the 
initial stability of the bed. In the last few years, the effects of individual 
hydrograph shape have been specifically analysed (Powell, et al. 2001; Parker, 
2004; and Hassan et al. 2006). These authors studied the link between 
hydrograph shape, magnitude and duration on bed composition and vertical 
mixing of the sediment; showing that bed surface and bedload compositions are 
dependent on the flood event. For instance, Hasan et al. (2006) found that the 
experiments with constant hydrographs produced well armoured structured 
surfaces, while short asymmetrical hydrographs did not result in substantial 
vertical sorting. Therefore, the characteristics of recent flow events will 
produce different bed conditions that will affect the stability of the bed for the 
next flood. Lisle et al. (2000) used constant flows so “…surface particle sizes 
were not affected by hydrographs, as it would occur in natural channels” (p. 
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3744). The reverse of Lisle et al.’s argument clearly suggests that bed 
composition may be affected by hydrograph characteristics.  
 
2.4.3 Antecedent conditions 
Stress history, or flow history, can be defined as the series of discharge 
magnitudes and durations which beds are subject to prior to entrainment. These 
are also called antecedent conditions (Haynes and Pender, 2007) and flow 
magnitudes can be either above or below threshold. Despite the primary 
importance of the estimation of bed mobility, very little research has been 
undertaken on the effect of flow history on sediment transport. Previous authors 
have suggested flow history as a factor on the observed variability of sediment 
transport in gravel bed rivers (Reid et al., 1985; Reid et al., 1997, and Church et 
al., 1998).  
 
Reid et al. (1985) were some of the first authors to point out flow history and 
time between floods as responsible for the observed variability of bedload 
amounts and patterns in the Turkey Brook, although they did not specifically 
studied it. When floods were preceded by a long period of low flows (longer than 
2 months) over 90% of the total bedload was transported during the falling limb 
of hydrographs. In contrast, when a recent flood had occurred, the next high 
flow event carried much larger proportions of bedload during the rising limb 
(Fig. 2-5). Particle interlocking, hiding, cluster formation and differences 
between static and dynamic friction were identified as responsible for these 
results. The action of low flows for prolonged periods (several weeks) created a 
more stable, armoured bed, and the action of sub-threshold flows rearranged 
bed grains without removing them from the surface, increasing their 
imbrication. 
 
Pender et al. (2001) used flume experimentation to analyse bed surface 
evolution during long periods of steady flows (up to 100 h). These are important 
as they represent conditions which occur during the low flow phases between 
floods. Consequently, the bed surface that results will determine bed stability 
and volume of sediment transported during subsequent flood events. They noted 
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both little change of bed surface composition and fine percolation below the bed 
surface. Yet, they observed that bed topography changed with duration, 
resulting in increasing irregularity, producing an average increase of Manning’s 
roughness parameter (approximately 18%) and a reduction of bed shear stress 
(12-14%); therefore, reducing the possibility of entrainment of bed material.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-5. Schematic of interflood periods. Following Reid et al. (1985), bedload transport rates 
for the similar flow events A – B and C-D will be different due to the time lapsed since the 
previous spate. 
 
In the last few years other authors have started undertaking dedicated studies to 
analyse the influence of flow magnitude and duration of antecedent conditions 
on particle entrainment (Saadi, 2002; Paphitis and Collins, 2005; Monteith and 
Pender, 2005; Haynes and Pender, 2007; and Ockelford and Haynes, 2008). Saadi 
(2002) used a bimodal sand-gravel mixture and a series of steady and unsteady 
flows in laboratory flume to analyse the effect of flow history and hydrograph 
shape on entrainment values. Although his test hydrographs were not sub-
threshold, results for his steady flow experiments showed that beds became 
stronger with the duration of flow exposure, with averaged critical bed shear 
stress values accorss all grain sizes in the region of 30%, 45% and 60% higher than 
the 3h run for the 6h, 9h and 12h experiments respectively. In contrast, when 
accelerating flows were used as antecedent conditions (range of duration 6-12h), 
maximum bed stability (+14% higher than the 6h run) was achieved for an 
intermediate (9h) flow duration. Paphitis and Collins (2005) used uniform sand 
beds to study the effect of the duration (5-120 min) and magnitude (70-95% of 
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threshold velocity) of antecedent steady flows on entrainment. Their flume-
based results showed that granular bed stability (measured as critical shear 
velocity) increased up to 27% with flow exposure duration and with magnitude of 
the sub-threshold flows applied. They suggested that particle rearrangement 
under sub-threshold conditions (no general movement) resulted in grain re-
orientation, increased particle imbrication and bed compactation. They 
developed a correction factor for critical shear velocity based on their results 
and using the duration of exposure as main variable. Hassan et al. (2006) 
analysed the effect of flood hydrograph shape on bed composition and armouring 
using 1D mathematical modelling. Although the flows they used were above 
threshold, their results are still relevant. Using long steady flows (96 h) and 
hydrographs of varying duration and shape, they noted that bed resistance 
increased with flow duration for experiments with similar discharge rates due to 
increased armouring. They concluded that long steps of constant flows within 
hydrographs, i.e. slowly rising flows, produce equivalent effects to entire runs of 
constant flow. Haynes and Pender (2007) used steady flows of varying 
magnitudes (53-91% of critical bed shear stress for the D50) and durations (30-
5760 min) to water work a bimodal sand-gravel bed (D50 = 4.8mm, σg = 2.1). 
They showed a general increase of bed stability with flow duration but, contrary 
to Paphitis and Collins (2005), a decrease of bed strength with the magnitude of 
sub-threshold flows, with increases of cumulative bedload of 5.6 and 7.5 times 
for durations of 30 and 1440 min respectively when the percentage of bed shear 
stress applied increased from 53% to 91%. Haynes and Pender (2007) proposed 
that this opposing result could potentially be explained by the differences of bed 
material, where fines were winnowed from the bimodal bed in Haynes and 
Pender (2007). In contrast, no size selectivity was possible in the uniform sand of 
Paphitis and Collins (2005) and different bed stability mechanisms related to 
multi-size mixtures may alter the effect of antecedent conditions. In situ 
particle rearrangements were also used by Haynes and Pender (2007) to explain 
the increase of bed stability with flow exposure. Ockelford and Haynes (2008) 
ran increasingly longer durations of steady flows, set at 50% of bed critical shear 
stress, over three granular mixtures (uniform, unimodal and bimodal) with 
common median diameter D50 = 4.8 mm. They showed that critical bed shear 
stress consistently increased with duration of flow exposure, with the uniform 
Chapter 2. Literature review 
51 
and bimodal gravels being most and least responsive to antecedent conditions 
respectively. Similarly to Haynes and Pender (2007), they also showed signs of 
maximum stability reached by antecedent conditions related to the longest 
duration, 60 minutes. Their results suggest that the bed surface becomes 
hydraulically smoother as the length of flow exposure increases. It is seen then, 
that the magnitude and duration of flow exposure changes bed resistance and 
sediment available for transport. 
 
Current knowledge of the effect of antecedent conditions on entrainment of 
granular beds can be summarised as follows: 
 
• There is evidence that the magnitude and duration of antecedent 
conditions modifies bed entrainment thresholds. There are some 
indications that the characteristics of antecedent flows (constant or 
increasing flows) produce different results. 
• There are differences in the effects of sub-threshold flows depending on 
bed composition, related to local mechanisms of imbrication and surface 
structuring. 
• There appears to be a maximum increase of bed resistance achievable by 
flow history; which varies with bed and flow properties. 
• Almost all relevant research on the relationship between flow history and 
bed stability has been carried out using constant flows. If only sub-
threshold flows are considered, there appears to be no research on the 
link between particle entrainment and varying flows. 
 
Whilst the above demonstrates the potential implications of flow history on bed 
stability and the need for advancement in this area of flow-sediment research, 
there are few investigations available. Thus, there is a clear absence of research 
on the influence of sub-threshold rates of flow acceleration (rising limb gradient) 
on the stability of non-uniform gravel beds. 
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2.5 Methods for estimating entrainment  
While it has been shown above that entrainment thresholds do change with 
particle and bed characteristics, slope and flow history, the key question of how 
to estimate their value remains, as entrainment thresholds are essential for a 
range of aspects of river engineering and morphology (section 2.2.1), eg. the 
estimation of solid transport rates (Chapter 5). 
 
The problem of sediment transport and initiation of particle motion has been 
studied for many decades (Buffington and Montgomery, 1997). Work by Gilbert 
(1914) (in Lisle and Church, 2002, and Camenen and Larson, 2005) and Hjulström 
(1935) (in Miller et al., 1977, Knighton, 1998) started the study of particle 
motion under fluid forces. Shields (1936) produced a major advancement in 
sediment transport studies, who determined the bed critical shear stress by 
extrapolating paired measurements of shear stress and bedload transport rates 
to a zero level of transport (Carson and Griffiths, 1985, 1987) (Fig. 2-6). Shields’ 
work proved pivotal in the development of entrainment threshold research and 
his parameter and graph are widely used in sediment transport studies.  
 
 
 
 
 
 
 
 
 
Fig. 2-6. Schematic of estimation of entrainment threshold by extrapolation to a low (or zero) 
reference bedload transport. 
 
However, despite continued revisions and development of Shields’ work, there is 
still a large degree of uncertainty in accurately quantifying the critical 
conditions required for particle movement (Buffington and Montgomery 1997; 
Knighton, 1998; Church et al., 1998). Miller et al. (1977) redrew Shields’ curve 
using a threshold envelope to denote the upper and lower bounds of threshold 
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uncertainty, reflecting the partial stochastic nature of entrainment, which some 
later researchers believe that the concept of a unique entrainment threshold is 
not only practically impossible but also its definition is meaningless given the 
highly variable character of flow turbulence (Lavelle and Mofjeld, 1987). 
Although subsequent studies have included uncertainty envelopes to include 
large scatter in the results using Shields’ methodology, the Shields’ curve and his 
dimensionless parameter, have formed the basis of numerous sediment transport 
studies (Miller et al., 1977; Wilcock and McArdell, 1993; Buffington and 
Montgomery, 1997; Shvidchenko and Pender, 2000; Paphitis, 2001). 
 
The available methods for estimating entrainment thresholds can be divided into 
deterministic and stochastic, depending on the approach adopted. Note that the 
use of the term estimation is very much intended here, given the described 
uncertainties of its value. Within the deterministic methodologies, the visual 
method (Neill and Yalin, 1969) and reference transport method (Shields, 1936; 
Parker et al., 1982a, Wilcock and Southard, 1988; Shvidchenko et al., 2001; 
Wilcock and Crowe, 2003) are the most widely applied. Other methods include 
the largest mobile grain. Pertinent to the present thesis is a review of the main 
available approaches to entrainment estimation. This is provided below. 
 
2.5.1 Competence or largest grain method 
The largest mobile grain criterion, also called competence method, is based on 
assuming that the bed critical shear stress is that required to move the coarsest 
size within the mixture mobilised during the flood event (Andrews, 1983). It 
requires the presence in the bed of larger, immobile particles than the size class 
used as reference; hence, it is only applicable in graded material (Buffington 
and Montgomery, 1997). The largest grain method is sensitive to size and 
efficiency of the sediment trap, sample size, sampling strategy and the 
availability of coarser grains (Buffington and Montgomery, 1997); thus, it is not 
appropriate for situations in which equal mobility is present. This method is 
seldomly used, with the visual method and the reference transport methods 
being much more widely applied. 
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2.5.2 Visual Method  
The visual observation method considers entrainment is achieved when an 
arbitrary minimum number of grains N is displaced from a certain bed area A 
within a specified time t of observation. Although easy to understand 
qualitatively, the visual method contains an intrinsic degree of subjectivity when 
it comes to defining the degree of movement and the minimum number of grain 
detachments necessary. Some attempts to reduce this subjectivity and make this 
method more quantitatively sound were made by Neill and Yalin, (1969), who 
proposed ND3/u* = 10
-6 as a quantitative criterion of movement for uniform 
material, with D = grain size, u* = bed shear stress and the constant 10
-6 defined 
as the practical limit that can be reasonably be observed in open channel 
experiments (Neill and Yalin, 1969) . Paphitis and Collins (2005) proposed an 
expression that explicitly included A and t (section 3.4.6.1). Wilcock (1988) 
modified Neill and Yalin’s (1969) procedure to be applicable to multi-size beds. 
If the time required to record the minimum number of particles is considerable, 
the reworking and strengthening of the bed due to stress history may alter the 
results (Paphitis and Collins, 2005). Thus, the application of this method is 
conditioned by time and space scale issues. The number of grains required for 
entrainment will vary with the area of observation, as more grains available for 
movement are pesent in larger areas. Similarly, the longer the observation 
period is, the higher the number of grain movements will be necessary to define 
entrainment. In the case of graded material, the percentage of the size class 
selected for defining the bed mobility on the bed will also affect number of 
particles (Wilcock, 1988), as the more abundant the grains are on the bed, the 
higher the number of movements will be required to achieve the condition of 
entrainment (section 3.4.6.1). However, neither Wilcock (1998) or Paphitis and 
Collins (2005) changed or indeed questioned the value of the constant 10-6.  
 
Dancey et al. (2002) proposed an alternative entrainment threshold based on the 
movement of a minimum number of particles over an area and time scale 
related to the total number of particles available on the surface, given by the 
packing density, defined as the ratio of the total projected area of the sediment 
to the total bed area. They showed that for low packing density (approximately 
< 0.25) values of sediment transport load and Shields’ stresses are fairly 
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independent of the packing configuration, as for low packing density grains 
approach isolation and independence of movement. For larger packing, transport 
load and Shields’ stresses increase with packing, due to particle interaction. This 
additional entrainment threshold was developed using uniform flows over unisize 
spherical glass grains, thus very different to real flow and sediment conditions in 
natural rivers and therefore, is restricted to this special case. However, it 
highlights the effect of particle interaction on entrainment. 
 
2.5.3 Reference transport rate  
The reference transport method is based on the extrapolation of the relationship 
between bedload rate and bed shear stress to a zero, or small, reference 
transport rate to determine the entrainment threshold (Fig. 2-6). This method 
has been extensively used by a number of authors (Shields, 1936; Parker et al., 
1982a; Shvidchenko et al., 2001; Wilcock and Crowe, 2003). Shields (1936) 
effectively used this criterion for his analysis of entrainment threshold by 
extrapolating his results to a zero transport value. He used uniform material 
where the definition of the relevant size D is unique. However, when graded 
material is used, the analysis is carried out for each size fraction and individual 
particle sizes are defined by Di. The methodology, and especially the value of 
reference dimensionless volumetric transport rate Wi*, usually taken as 0.002 
(Parker et al., 1982a, Wilcock, 1988, Wilcock and Southard, 1988, Kuhnle, 1993), 
has been widely followed by those authors applying this technique (Wilcock, 
1988; Wilcock and Southard, 1988; Kuhnle, 1993; Paphitis, 2001; and Almedeij et 
al., 2006). Parker et al. (1982a) initially used the size composition of the 
subsurface layer; however, as Ashworth and Ferguson (1989) had done before, 
Parker later changed it to the bed surface grading (Parker, 1990).  
 
Shvidchenko et al. (2001) presented an alternative reference transport method, 
which defined critical conditions when the dimensionless mass transport rate 
qb*, based on the Einstein (1950) bedload parameter, reached 10
-4. Shvidchenko 
et al. (2001) linked the value of qb* to the intensity of sediment motion, which 
they interpreted as the probability of a particle on the bed surface will be 
entrained any given second (Shvidchenko and Pender, 2000). Their bedload data 
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qb* were fitted by an equation that produces straight lines when ploted against 
Shields parameter in logarithmic axes (Fig. 2-7, section 3.4.6.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-7. Comparison of fitting lines of 
Parker et al.’s (1982a) and Shvidchenko et 
al.’s (2001) reference transport method. 
 
Plots of Parker et al.’s (1982a) and 
Shvidchenko et al.’s (2001) 
procedures are similar: both based 
on values of bedload transport rates 
and bed shear stress. However, 
Parker et al.’s (1982a) method uses 
volumetric transport rates whereas 
Shvidchenko et al.’s (2001) method 
uses mass rates. This change of units 
results in different values of Wi* and 
qb* for the same shear stress (Fig. 
2-7). In addition, as mentioned 
above, Shvidchenko et al.’s (2001) 
method only considers a single 
curve, whereas the equation 
proposed by Wilcock and Crowe 
(2003), used here during the 
application of Parker et al.’s (1982a) 
procedure, includes two sections, a  
straight line similar to Shvidchenko et al. (2001) for low-medium transport rates 
and a convex curve for higher transport rates (Fig. 2-7).These discrepancies 
result in the two methods producing different values of entrainment thresholds 
for the same data sets. The relationship between these two criteria was 
provided by Shvidchenko et al. (2001) as θcri Parker = 1.20 [θcri Shvidchenko]
1.09. 
Both methodologies are used for the experiments presented, allowing the 
contrasting of their results, benefits and applicability. These are contained in 
the appropriate section in Chapters 3, 4 and 6. 
 
2.5.4 Stochastic approach 
The stochastic nature of sediment transport has been widely discussed in 
literature (Papanicolaou et al., 2002; Kleinhans and van Rijn, 2002; Dancey et 
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al., 2002; Sarmiento and Falcon, 2006). In recent years, a number of researchers 
have explored the quantification of sediment entrainment and transport 
assuming that the entrainment threshold is a stochastic variable, since 
turbulence is mainly responsible for the entrainment of grains (Paphitis and 
Collins, 2005). Stochastic or theoretical models are based on the idealisation of 
particle size, shape and arrangement. A balance of moving and resisting forces is 
established in order to obtain the required mobility threshold. These methods 
usually adopt spherical particles of unisize mixtures of varying packing 
conditions (McEwan and Heald, 2001; Papanicolaou et al., 2002). The concept of 
stochastic models is based on the assumption that both the destabilising and 
resisting forces are statistical variables to which a probability distribution 
function can be associated (Grass, 1970; Andrews and Parker, 1987; 
Papanicolaou et al., 2002; Kleinhans and van Rijn, 2002; Sarmiento et al., 2006). 
If the two curves do not overlap, there is no movement (Fig. 2-8). When the tails 
of the curves first touch the critical entrainment condition is achieved. As the 
curves continue to overlap more and more grain sizes are likely to be entrained 
and the intensity of particle transport increases (Andrews and Parker, 1987).  
 
 
 
 
 
 
 
Fig. 2-8. Schematic illustrating the concept of probabilistic entrainment. Overlapping of acting 
and resisting forces will result in entrainment of particles from the bed. 
 
Stochastic methods are based on the generation of a probability density function 
for particle movement, based on dynamic equilibrium equations. They generally 
include simplified representations of the fluid forces (McEwan and Head, 2001; 
Papnicolaou et al., 2002; Wu and Chou, 2003; Sarmiento and Falcon, 2006). The 
simplifications of grain geometry, packing and hydraulics adopted by the 
stochastic approaches, although adequate for the development of theoretical 
equations, are too onerous for accurately representing natural sediments and, 
hence, differ too much from the conditions present in this thesis. Ironically, the 
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stochastic character of sediment transport and entrainment favour the 
introduction of an entrainment threshold that assumes a minimum (low) amount 
of transport so some stability of the threshold can be obtained under turbulent 
conditions (Parker et al., 1982a; Wilcock, 1993; Shvidchenko and Pender, 2000; 
Paphitis and Collins, 2005); this would thus support using a deterministic method 
of estimating entrainment threshold, rather than stochastic, for the conditions 
of natural, graded sediment used in the present thesis. 
 
2.5.5 Discussion of methods 
Depending on the choice of criterion, hydraulic conditions for incipient motion 
will differ (Garde and Ranga Raju, 1977; Carson and Griffiths, 1985, 1987). 
Buffington and Montgomery (1997) reviewed the results presented by various 
authors who used any of the above methods, and highlighted some advantages 
and disadvantages. They found that the dimensionless critical shear stresses for 
the median size θcr50 obtained by the largest grain method (also called 
competence-based method) are roughly 15% to 30% smaller than the reference 
transport method estimates, when obtained from the same study site. For high 
values of Reynolds number Re*, critical shear stress determined by the reference 
transport rate is usually larger than the results from the visual method 
(Buffington and Montgomery, 1997). This difference is further discussed in this 
thesis. Sampling techniques and the definition of D50 also influence θcr 
(Buffington and Montgomery, 1997). The method, equipment and efficiency of 
the sampler used for collecting bedload data may determine the maximum or 
minimum grain size recorded and therefore change bedload composition values. 
Similarly, errors in the estimation of characteristic bed surface grain diameters, 
eg. D50, which are commonly used in calculations and to represent the bed size, 
may produce scatter in the results. 
 
Since the visual method is based on the determination of the minimum number 
of displacements, the estimation of critical stress is directly based on recorded 
particle movements. However, the reference transport method relies on the 
extrapolation of transport curves, which is often based on subjective judgement 
in line fitting (Parker et al., 1982a; Wilcock and Southard, 1988; Wilcock, 1993; 
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and Wilcock and McArdell, 1993). As a result, the comparison of results provided 
by different methods may prove very difficult or even impossible. For instance, 
Wilcock (1988) could not find an independent way of assessing the accuracy of 
either of the data sets obtained when using the reference transport and largest-
grain methods. Practical considerations (time and area scaling depending on 
particle size used) were suggested by Wilcock (1988) for his preference of the 
reference transport method over the largest-grain method. 
 
It has been demonstrated that there is a large degree of uncertainty in the 
estimation of entrainment thresholds due to: (1) the method and criterion 
applied; (2) the random nature of fluid forces; and, (3) the very high variety of 
factors associated with bed particle characteristics (packing, grading, particle 
shape, bed slope, etc.). However, it is considered here that the adoption of a 
value of threshold of motion is still the most practical approach to define 
entrainment for their essential role in sediment transport equations (Chapter 5) 
(Wilcock and Crowe, 2003; van Rijn, 2007a; Recking, 2010). As discussed by 
McEwan and Heald (2001), probabilistic methods for determining entrainment 
have not been widely adopted for practical purposes because they are more 
complex to implement than deterministic ones without providing considerable 
improvement in the accuracy and reliability of the results. Of the methods 
presented, the visual method and the reference transport method will be 
applied in this research because their wide use and possibility to compare results 
with previous authors. 
 
Finally, the estimation of bed shear stress is an essential component of the 
application of entrainment methods and the calculations performed in this 
thesis. A number of methods for calculating bed shear stress are available 
(Wilcock, 1993; Durst et al., 1996; Graf, 1998), three of the most widely used: 
bed-slope, Reynolds stresses and velocity profile, are discussed in Chapter 3. 
Because of the higher complexity of the method based on the use of velocity 
profiles, a dedicated section to its theoretical background and applicability 
issues is presented below. 
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2.6 Velocity profiles 
2.6.1  Law of the Wall 
It is commonly accepted that Prandtl’s log-law (Prandtl, 1925) describes the 
vertical distribution of streamwise velocity u in the inner layer of open channel 
flows, i.e. from the top of the viscous layer to approximately z/h = 0.2, where z 
is the distance from the bed level and h is the flow depth (Nezu and Nakagawa 
1993; Graf 1998; Pokrajac et al., 2006; Nystrom et al., 2007). This range of 
validity of the logarithmic profile has been used by many authors when applying 
the Clauser method (Robert, 1990; Song and Chiew, 2001; Pokrajac et al., 2006; 
Dey and Raikar, 2007), which involves fitting a straight line to the velocity data 
points plotted against the natural logarithm of z (Fig. 2-9), to obtain bed shear 
velocity u*. Thus, it is commonplace to employ the log-law in hydraulics to 
analyse flow characteristics and estimate shear stress at the flow-bed boundary. 
 
 
 
 
 
 
 
Fig. 2-9. Example of application of the Clauser method. A) Velocity profile data, B) Plot of 
velocity values against ln(z) and line fit. 
 
The logarithmic velocity profile formulation stems from Prandtl’s (1925) 
universal Law of the Wall and it is generally represented by:  
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Eq. 2-4
 
where C is the constant of integration, and κ  = von Karman’s constant, usually 
taken as 0.4. 
 
According to Oertel et al. (2004) the total shear stress is made of the mean 
value of the viscous stress and the apparent shear stress due to turbulence: 
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The first term is only important very close to the bed, in the viscous sub-layer (a 
classical subdivision of the flow depth into layers at various distances from the 
boundary, including a viscous, logarithmic or inner layer and an outer layer). For 
large Reynolds numbers, i.e. turbulent flows, the second term is much larger 
than the first and the shear stress due to viscosity may be neglected; the 
resulting equation gives the relationship between shear stress and velocity 
variation with distance from the bed: 
dz
du
l=
ρ
τ
     
Eq. 2-6
 
The proportionality factor is the mixing length l. The simplest expression 
relating l and z is l = κ z (Chadwick et al., 2004; Oertel, 2004; Dey and Raikar, 
2007), where κ= von Kármán constant (0.4 for clear flow). When this expression 
is inserted in equation 2-6, calling *u=ρτ   shear velocity, the following 
equation is obtained: 
dz
du
zu κ=*      Eq. 2-7 
The integration of equation 2-7 results in the well known log-law (equation 2-4), 
which has two main expressions: 
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These two equations come from using a grain roughness parameter ks and a 
constant of integration B (Graf, 1998; Dey and Raikar, 2007) or imposing the 
boundary condition u = 0 at the virtual bed level, with z0 representing the bed 
roughness height (Wilcock, 1996; Prokrajac et al., 2006). Fig. 2-10 contains a 
sketch of the main physical parameters discussed in this thesis. 
 
The above equations represent a simplified theoretical framework for much 
more complex coherent flow structures. Thus, Prandtl´s theory and formulation 
originated from the assumptions that: (a) shear stress τ is constant throughout 
the region outside the viscous sub-layer; and (b) the mixing length l is linearly 
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related to distance from the wall by the von Kármán constant κ. Despite 
recognising that, in reality, shear stress reduces with distance from the wall. 
Oertel (2004) states that these assumptions produce useful approximations as 
the greater part of the velocity change happens near the boundary. Pokrajac et 
al. (2006) also indicate that the log-law can be successfully applied with linearly 
variable shear stress as long as depths are considerably larger than roughness 
heights. Thus, the logarithmic expression on equation 2-4 will hold as long as 
zl ⋅= κ  applies. Dey and Raikar (2007) used this criterion to determine the range 
of applicability of the log-law in their experiments. 
 
 
 
 
 
 
 
 
 
Fig. 2-10. Sketch of the geometrical elements for the log-law equation. 
 
2.6.2  Background for the adoption of z/h = 0.2 
The applicability of the log-law is commonly assumed to be within the 
logarithmic layer, approximately the lower 20% of the depth (Nezu and 
Nakagawa, 1993; Graf, 1998; Oertel et al., 2004). This range is quoted from 
author to author with little exploration of its validity. Nikuradse’s (1933) work 
and experimental data are often used to justify the value of z/h=0.2. 
Nikuradse’s measurements of velocity were carried out in pipes lined with sand. 
Although his experiments represent a great advance in the knowledge of flow 
velocity and resistance in pipes, its extension to larger open channels may not 
be directly applicable. Monin and Yaglom (1971) state that the thickness of the 
logarithmic layer will not be larger than 10-20% of the thickness of the boundary 
layer δ, defined as the distance from the wall at which u/U∞ = 0.99, with U∞ = 
free stream velocity; or as a vertical length scale that can be either pipe radius, 
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boundary layer thickness or, crucially, channel half-width; this can be very 
different to 20% of the boundary layer.  
 
The suitability of z/h =0.2, or the influence of larger values of z/h, is very rarely 
reported in open channel flow literature. Citing Bathurst et al. (1982), Robert 
(1990) notes that divergence from the logarithmic profile may be expected for 
z/h > 0.2; although does not provide any reasoning. Biron et al. (1998) studied 
the effect of the percentage of flow depth and minimum height above the bed 
on the estimation of bed shear stress. They reported an increase of shear stress 
with the percentage of flow considered until a maximum was reached in the 
area of 20% of flow depth. From there, shear stress values reduce with z/h. 
However, they recognised the considerable errors associated with their 
calculations and offer no conclusive explanation on whether the maximum value 
of shear stress is the appropriate one. Song and Chiew (2001) also considered 
z/h = 0.2 as the upper limit of the applicability of the log-law based on the 
widespread use of this threshold. Chen and Chiew (2003) state that the log-law 
is usually applied in the inner region, z/h < 0.2 and the wake law in the outer 
region (z/h > 0.2). Again, there is no justification for the value of 0.2. Pokrajac 
et al. (2006) say that “to ensure that the log-layer is sufficiently far away from 
the outer boundary of the boundary layer, it is assumed to be limited to some 
small proportion, usually 0.15-0.2 of the boundary layer thickness” (p. 92). 
Again, there is little physical reasoning provided in support of the z/h ratios 
cited.  
 
Despite the repeated use of z/h ≤ 0.2, it is very rare to find clear explanation of 
this value. Those who attempt to explain the origin of the depth range refer to 
experimental data or the work by Nikuradse (1933) (Petit, 1990; Oertel et al., 
2004). One of the few possible justifications for z/h ≈ 0.2 is found in Dey and 
Raikar (2007), where they obtain the value of the von Kármán constant based on 
the application of mixing length. They reported a ratio of l/δ as approximately 
constant up to z/ δ = 0.23. This is connected to the assumption of the linear 
relationship between mixing length l and distance from the wall z, which allows 
the development of the log-law in equation 2-4. Also, Nezu and Nakagawa (1993) 
include a general expression of the vertical variation of velocity applicable for 
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the entire channel, which results in the log-law when zl ⋅= κ  is assumed. The 
range of application of the log-law appears to rest on the linearity between l 
and z. However, the more general defect law, applicable in the outer layer (z/h 
> 0.2) (Nezu and Nakagawa, 1993) also contains equation 2-4, together with a 
correction term or wake function. Thus, the pertinence of the linearity of the 
mixing length expression as the condition for z/h = 0.2 is questioned. 
 
Many of the referenced publications use the concept of boundary layer flows to 
support their adoption of z/h < 0.2. However, Monin and Yaglom (1971) state 
that flow in the boundary layer is different from that in pipes and channels, 
where the logarithmic equation may be used up to the pipe axis or the middle of 
the channel. This is somewhat confusing as many authors refer to boundary layer 
flows when analysing velocity profiles in flumes and rivers. Furthermore, to 
complicate matters, Nezu and Nakagawa (1993) state: “In many instances of 
open-channel flows, in contrast to boundary layers, the log-law applies over the 
whole flow depth, from the bed to the free surface” (p. 49). This suggests that 
the application of the log-law to open-channel flows should not be restricted to 
the lower 20% of the flow depth, thus contradicting the large body of research 
carried out to date.  
 
2.6.3 Emerging argument for greater z/h ratios 
In any case, definition of the range of applicability of log-law is based on fitting 
of the data points to a straight line in the semi-logarithmic plot and is therefore 
dependent on the specific data set examined. Accepting this case-dependent 
approach, a number of authors have used larger depth ranges to obtain bed 
shear stress τ and bed roughness length z0. Robert et al. (1992) used the lower 
30% of the flow depth for the estimation of u* and z0 in their flume 
measurements. They justified their selection based on the linearity of the semi-
log plot of the velocity profile within this range. However, for their river flow 
data, they used the full profile “whenever the profiles appear relatively straight 
on a semi-logarithmic scale” (p. 732). In explanation of his methods applied to 
field data Wilcock (1996) assumes that the upper limit of the log-law is h/5; 
however, he uses the lower 50% of the flow depth for his line fitting in order to 
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include at least 6 data points. Furthermore, citing Cardoso et al. (1989), Smart 
(1999) reported that the log-law was successfully applied to his field data over 
the entire channel depth. Smart (1999) also says that where velocity data follow 
the log-law, plotting u as a function of ln(z) will indicate a straight line with 
gradient u* /κ  and intercept –u*/κln(z0). Hence, this leaves open the range of 
applicability of the log-law so long as data fit a straight line. Smart (1999) 
reported ranges of straight line fitting up to 80%, with typical values ranging 
from 5-50%. Lamarre and Roy (2005) also used the full depth range for the best 
fit in the semi-logarithmic plot of their field velocity data. They found that most 
velocity profiles were approximately linear over the full depth and, therefore, 
results using 20% were similar to those obtained using the full (100%) depth. 
They also commented on Biron et al.’s (1998) study of the sensitivity to depth 
range and the underestimation of shear velocity found by these authors when 
using the full flow depth. However, the field work by Biron et al. (1998) only 
considered three velocity profiles and one of these provided results considerably 
different to the other two, so their conclusions should be taken with care. 
Overall, these studies clearly suggest that the size of the logarithmic layer is 
variable and can extend to well over z/h = 0.2. Furthermore, in a recent study 
of the use of the log-law to estimate bed shear velocity in flume experiments 
and a range of beds (uniform medium gravel D50 = 4.8 mm, unimodal graded 
gravel D50 = 6.9 mm and near uniform gravel bed D50 = 4.8 mm), Piedra et al. 
(2009)1 observed that a logarithmic equation could describe streamwise velocity 
values for flow ranges of at least z/h=0.5. Thus, there is sufficient evidence to 
question the restriction of application of the logarithmic Law of the Wall to the 
lower 20% of the depth in river and flume flows. The extension of the log-law 
further than this limit will be tested in this research work. 
 
2.7 Present and future hydrological context 
Daily, monthly and seasonal flow cycles occur in rivers, whether these 
correspond to natural or artificial regimes. Continuous fluctuations of river flows 
due to rainfall events and catchment characteristics determine the rate of flow 
                                         
1 A copy of this publication is enclosed in Appendix 9. 
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rise and with it, hydrograph shape. Short intense rainfall events tend to produce 
rapidly rising discharges, resulting in very steep hydrographs; whereas longer 
rains result in lower flow increase rates. These differences in rising limb 
characteristics can be extended to seasonal variations, where the transition from 
summer to winter will progressively increase water depths in river channels. The 
character of the river flow regime will also exercise an influence on the bed 
composition and mobility (Allan and Frostick, 1999; Powell et al., 2001). In 
catchments characterised by short intense floods (ephemeral, Mediterranean 
rivers, Reid and Laronne, 1995) the effect of flow history will be smaller, as 
there is little time for sub-threshold flows to act over the bed before the 
sediment material is remobilised. On the contrary, in climates where continuous 
baseflows are larger and where flood events occur during longer periods, the 
effects of flow history discussed here may be more prevalent (Hassan et al., 
2006). Similar arguments also apply to climates where frequent floods remobilise 
and remix the bed material regularly, as opposed to catchments where high flow 
events are only present once or twice a year (snow-melt regimes) with sub-
threshold flows acting for the majority of the year. 
 
Artificial hydrological regimes imposed by river regulation will also produce 
different rates of flow increases; for instance, (1) hydropower generation is 
characterised by short periods of water release, producing rapid peak flows; (2) 
reservoir releases aimed at channel management include flushing flows designed 
to reduce fine content of the bed material (Kondolf and Wilcock, 1996; Wilcock 
et al., 1996) must be carefully designed and carried out for optimum results. 
Given the prevalence that renewable energy sources, in particular hydropower, 
will continue to have in the future (MacLeod et al., 2006), research into the 
impacts of changes of hydrological conditions on river bed stability/mobility is 
essential.  
 
Furthermore, the ever present uncertainty of climate change and its effect on 
regional and local hydrology clearly increases the need for assessment of the 
potential effect on our rivers (Goudie, 2006) and the innumerable amount of 
structures within or at the edge of river channels. Recent research on the future 
UK climate suggests that winter precipitation is likely to exhibit a marked 
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increase, whereas summer rainfall will decrease, albeit in smaller quantity. 
Approximate broad ranges of rainfall changes from the 1961-90 baseline for the 
2050s are -1 to +30% and -35 to +10% for winter and summer respectively 
(UKCP092). More specifically, the climate in Scotland is likely to become 
considerably wetter in winter, with more intense stormy rainfall events; and 
summers may become longer and drier (Werritty with Chatterton, 2004). These 
climatic changes will cause more marked seasonality with a significant effect on 
catchment hydrology and the fluvial system. Flood peak discharges will become 
higher in magnitude and longer in duration in response to increases in the 
number of days of heavy rain and the intensity of the rainfall (Barnett, et al., 
2006). Baseflows will become more extreme, with wetter winters raising 
baseflow levels and drier summers lowering them. If these trends actually occur, 
changes of river regimes and flood event hydrographs are to be expected. The 
links between hydrograph shape, interflood spacing, sub-threshold flows and 
grain entrainment suggest consequences for the stability of river channels. 
Werritty and Hoey (2004) recognised that there is need for further studies of 
river response to climatic conditions, particularly the changes in river channel 
geometry, where the identification of trends is restricted by a lack of available 
data. Current national and international policy (EU, 2000; SEPA, 2007) explicitly 
includes the maintenance and improvement of the geomorphological status of 
fluvial systems.  
 
However, not only fluvial geomorphology could be affected by modified river 
regimes (Richter and Richter, 2000; Gordon and Meentemeyer, 2006; Goudie, 
2006). Living species that depend on flow regimes and river bed conditions for 
their survival may also be affected (Power et al., 1996; Dixon, 2003). Hoey and 
Thomas (2006) showed that hydrological regimes can affect the development of 
pearl mussel communities. In their study of the River Kerry, NW Scotland, they 
suggest that pearl mussel populations thrive in a regulated flow regime, which 
seems to be in contradiction with general concepts of flow regulation and human 
impact on living species. Scotland’s gravel bed rivers form ideal salmon spawning 
grounds that are important for economic, recreational and environmental 
                                         
2 http://ukclimateprojections.defra.gov.uk, accessed on 07/04/10 
Chapter 2. Literature review 
68 
reasons. However, this habitat requires a delicate balance between flow and 
sediment variables that can be disturbed by river regulation or changes in 
seasonal flows. Salmon spawning requires river bed particle composition that 
allows adult fish to wash out fine material from the bed, using the interstices 
left by the coarser matrix to lay their eggs (Parker et al., 1982b). Whilst 
substrate stability is necessary for adequate egg protection, too low a flow 
reduces oxygenation and waste removal and suffocates eggs by the deposition of 
fines (Lisle and Lewis, 1992). If bedload transport and bed grain composition are 
affected by changes of hydrological conditions, their natural habitats may also 
change. 
 
Since, only on very few occasions gravel bed rivers experience large enough 
flows to mobilise the bed (Parker et al., 1982a; Parker and Klingemann, 1982; 
Church et al., 1998) river flows will remain sub-threshold for long periods of 
time. As summarised above, these frequent non-mobilising flows can potentially 
cause changes in bed stability through partial transport, and bed restructuring. 
The changes in hydrological conditions and variability of rising limbs, together 
with the evidence of the effect of magnitude and duration of sub-threshold 
flows, lead to question whether different rates of flow increase will alter bed 
material stability, and therefore bedload transport and bed composition, during 
these long periods of sub-threshold flows and particle mobilising events.  
 
2.8 Concluding comments 
Grain entrainment has been shown to depend on many factors: absolute and 
relative particle sizes, imbrication, bed slope, hydraulic conditions, etc. Despite 
the practical and theoretical limitations for the estimation of entrainment 
discussed here, a value of the fluid forces required for initiation of motion must 
be defined, as calculations and comparison between data sets are necessary. It 
has also been discussed that the large majority of existing knowledge on 
entrainment processes and especially values is based on constant flows. The past 
work presented provides some evidence for the importance of flow history and 
hydrograph shape on entrainment and solid transport in gravel bed rivers. 
However, little specific research has been carried out on the impact of flood 
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hydrograph shape on bed stability. In particular, the effect of increasing flow 
rates during the rising limb of hydrological events has not been considered.  
 
This literature review clearly demonstrates the complexity of sediment transport 
mechanics and the large number of factors influencing particle entrainment. 
Thus, achieving a generally valid definition and estimation of entrainment 
thresholds remains difficult. More specifically, the influence of flow history, 
which includes duration and magnitude of interflood periods as well as 
hydrograph shape and frequency, is being increasingly studied. The study of 
sediment transport and validation of the proposed equations are further 
complicated by the fact that most transporting river flows are too large for safe 
sampling, which makes available data at high transport rates very limited 
(Powell et al., 2001; Wilcock and Crowe, 2003; Parker, 2004). The result is a 
forced reliance on laboratory experimentation, where particle characteristics, 
channel geometry and flows are easier to control. However, limitations of flume 
experiments such as particle and geometry scaling, reduced particle size range 
and flow conditions, may not result in comprehensive reproduction of the 
processes present in full scale rivers. Thus, results and formulae produced in a 
laboratory may not be entirely applicable to prototype channels (Ashmore, 1988; 
Bathurst, 2007; Recking, 2009). However, major advantages of flume 
investigation are the highly controlled physical conditions set, improved ability 
to collect multiple data and deploy equipment unattainable in the field and, 
importantly, do so under safe conditions. 
 
As described, the need for appropriate assessments of sediment transport 
quantities and river channel stability continues to be required, driven further by 
climatic and energy factors. Therefore, improving results of bedload transport 
equations remains a priority in hydraulic engineering. Ackers and White (1973) 
recommended studying the combination of graded material and unsteady flows 
thirty-seven years ago, and this recommendation remains relevant today. The 
research presented here aims to contribute to this goal by providing increased 
understanding of the mechanics of sediment transport and proposing new 
methodologies and formulations to estimate entrainment and bedload transport 
quantities.  
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The brief summary of factors affecting grain entrainment presented here shows 
the extreme complexity of the sediment transport mechanisms and the difficulty 
of accurately representing them. One can appreciate better why most of the 
research carried out to date has been based on steady flow. However, as 
research progresses, it is required to extend our understanding of the general 
processes of sediment entrainment and transport under varying flows, as they 
are more representative of natural (if more complex) flow conditions and 
therefore a step towards universal application of the findings. This research is a 
step in that direction. Here, the work of previous authors such as Saadi (2002), 
Paphitis and Collins (2005) and Haynes and Pender (2007), is combined and 
extended to analyse the effect of sub-threshold flow acceleration rates on 
entrainment and bedload transport of gravel beds. 
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3 Experimental methods and techniques 
This chapter explains the equipment and techniques used in this research. The  
explanation focuses on new techniques or the use of standard methods applied 
here that are not specific to sediment transport. Where conventional techniques 
widely used in sediment transport studies are applied these are described 
briefly, with reference to relevant bibliography. The experimental work was 
divided in essentially three phases, related to the complexity of particle 
interactions and bed composition: a) The first one used near uniform gravel 
(Pilot Runs), b) the second used a unimodal sand-gravel mixture (Stages 1 and 
2); and, c) a final phase revisited previous experimental conditions from the 
Pilot Runs using uniform sediment and collecting additional bedload data 
previously unavailable.  
 
3.1 Characteristics of the test beds 
3.1.1 Uniform and near-uniform gravel 
A near uniform gravel mix, ranging from 2 to 8 mm (D50 = 4.8 mm) was used for 
the preliminary (pilot) runs. This mix had previously been used (Olafsdottir, 
2006) for a study of entrainment and antecedent conditions, and data from this 
study was available for comparison. The size of this bed material was large 
"This is the foundation of all. We are not 
to imagine or suppose, but to discover, 
what nature does or may be made to do." -
Francis Bacon. 
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enough for the visual identification of individual grains for the application of the 
visual method, at the same time as being sufficiently mobile under the flow 
conditions anticipated for the research and flume characteristics; constituting a 
reasonable bed material for the initial experimental work. Therefore, the same 
bed composition was used for this research phase. The uniform gravel bed (4-5.6 
mm) tested in the final phase of the experimental work, c) in the above 
paragraph, was used in order to compare the results between this bed and the 
Pilot Runs. The motivation for this comparison was two-fold: 1) the bed slopes of 
the Pilot Runs (1/200) and the uniform gravel phase (1/150) were different, so 
the effect of the slope could be assessed; and, 2) repetition of the experiments 
will allow confirmation of the trends observed during the Pilot Runs using both 
the visual and reference transport method, as bedload data was not available for 
the Pilot Runs.  
3.1.2 Size composition of the unimodal sand-gravel bed 
The selection of the sand-gravel mixture was based on the following conditions: 
• The shape of the size distribution should be representative of natural 
stream beds. Gravel bed rivers may contain a large variety of size 
fractions, ranging from very coarse particles (D > 64 mm) to very fine sand 
(D < 0.09mm) (Church et al., 1987). A scaled and truncated grain-size 
distribution is thus needed to represent this range in the laboratory since 
very small particle size may produce bedforms not present in the 
prototype channels and very large grains may not move under the flows 
attainable in the flume used. 
• The size distribution must include a combination of mobile and non-
mobile particles that reflect, at least partially, the grain interactions 
occurring in natural channels.  
• The bed material must be sufficiently mobile in relation to the range of 
shear stress values achievable in the flume. 
 
Many sediment transport studies have been carried out by scaling down the grain 
size composition of a prototype gravel bed river to create a model bed (Parker 
et al., 1982b; Ashmore, 1988; Hassan and Reid, 1990; Church et al., 1998; 
Hassan and Church, 2000). In the present thesis, generic scaling of the 
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characteristics of the bed size distribution was based on a local prototype river. 
The Endrick Water, a river draining into Loch Lomond, Scotland (catchment area 
= 271 km2) was selected for bed size sampling. This river holds national 
importance and had been previously studied, including by the research partner 
Scottish Natural Heritage (SNH), and therefore, some information on the channel 
was already available (Bluck, 1971; McEwen and Lewis, 1999; Forth Fisheries 
Foundation, 2004). 
 
Field data was collected during the summer of 2007 and early 2008, including 
bed composition, cross section geometry and hydrology of the study site. The 
methodology used for collecting and analysing bed size composition on site 
followed similar work described in Kellerhals and Bray (1971), Hey and Thorne 
(1983), Mosley and Tindale (1985) and Fripp and Diplas (1993). A total of over 
300 kg where analysed on site, from which 4 sub-samples (2 surface and 2 
subsurface, D < 16 mm) totalling around 18 kg where dried and sieved in the 
laboratory. The resulting surface and subsurface size distributions correspond to 
bulk (weight) sampling. Fig. 3-1 and Table 3-1 show the combined results 
obtained at two adjacent sites on a gravel bar, placed near the centre of an 
approx. 1 km long straight reach of the river (approx. NGR 250335, 685975).  
 
 
 
 
 
 
 
 
 
Fig. 3-1. Grain size distribution for the Endrick Water (surface layer- red, sub-surface material-
blue). Particle sizes correspond to square sieve sizes in mm. 
 
 
 
 
 
0
5
10
15
20
25
906445322216
11
.
28
5.
64
2.
82
1.
41
0.
710.
5
0.
36
0.
25
0.
18
0.
13
0.
09
0.
06
0.
04
Particle size class(mm)
Pe
rc
en
ta
ge
 
o
f w
ei
gh
t (%
)   
 
 
 
 
 
 
 
.Endrick-surface
Endrick sub-surface
Chapter 3. Experimental methods and techniques 
74 
Percentile Surface Subsurface 
D90 57.3 43.4 
D84 50.2 36.9 
D50 28.9 13.0 
D16 10.6 2.1 
sorting (σg) 2.17 (poorly sorted) 4.22 (very poorly sorted) 
 
Table 3-1. Summary of grain size distributions for the Endrick Water. Diameters are in mm. 
 
A large range of sizes are present in both surface and sub-surface samples. Sizes 
range from 0.063 mm to 90 mm; with higher percentages of fine material (< 1 
mm) in the sub-surface (10.8%) than in the surface sample (1.6%). The surface 
size composition shows a strong unimodality, skewed towards the largest sizes, 
whereas the sub-surface data indicates a slight bimodality; nonetheless, there is 
still a clear skew towards large particle sizes. Church et al. (1987), Fripp and 
Diplas (1993) and Petrie and Diplas (2000) indicated that the surface layer is 
related to frictional characteristics of the river bed. As mobilisation of the 
surface layer must occur before the material present below is entrained, it is 
considered that the mechanics of the surface layer, and therefore its size 
composition, are more relevant to the study of initiation of movement 
(Buffington and Montgomery, 1997). Thus, a unimodal coarse-skewed size 
distribution was preferred. Surface bed distribution of the Endrick Water was 
then used to define the shape of the laboratory bed size composition. Direct 
geometric scaling was not possible due to the flume dimensions. 
 
A size range containing 8 size classes (1/2 phi intervals) between 1 mm and 16 
mm was used. A minimum particle size of 1 mm limited the appearance of bed 
forms (ripples and dunes) in the flume, not normally present in gravel bed rivers 
(Young and Warburton, 1996). The maximum size of 16 mm provided particles 
that were largely stable under flows attainable in the flume; this met the 
requirement of partial mobility highlighted above. The adopted unimodal, 
coarse-skewed size distribution met the conditions set for the experimental work 
(Fig. 3-2 and Table 3-2). The comparison of main size percentiles shows that for 
the coarser fractions the laboratory mixture has a scaling factor of 5.2-5.4, with 
this factor reducing for D50 and D16 to 4.4 and 2.7 respectively, indicating that 
the finer fraction of the laboratory mix is proportionally larger than the field 
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prototype. This results in the sorting parameter σg for the laboratory bed 
material being smaller than that of the field data (Table 3-2). This, as discussed 
earlier, is caused by the necessary truncation of the fine sizes to avoid the 
appearance of bedforms. 
 
Percentile Endrick Water (A) Unimodal mix (B) Ratio (A/B) 
Size range 0.053-90 1-16 - 
D90 57.3 10.6 5.4 
D84 50.2 9.6 5.2 
D50 28.9 6.6 4.4 
D16 10.6 4.0 2.7 
sorting (σg) 2.17, poorly sorted 1.57, moderately sorted - 
Skewness (1) coarse skewed coarse skewed - 
Skewness description based on Hoey (2004). 
 
Table 3-2. Comparison of surface grain size distribution characteristics of Endrick Water and 
unimodal mix used in the laboratory . Size units are mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-2. Final bed material size distribution and comparison of cumulative size distribution 
between the flume mixture and surface samples of the Endrick Water. 
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3.1.3 Bed material type and characteristics 
As discussed in Chapter 2, the properties of the bed material may influence 
particle stability and behaviour during running flows, eg. higher imbrication of 
angular grains and smaller exposure to flow of rod- or plate-like particles. The 
near-uniform and uniform gravel beds were made up of crushed gravel of size 
ranges 2.8-8 mm and 4-5.6 mm respectively and a density of 2560 kg/m3; 
whereas the sand-gravel mix was composed of natural beach sediment, with the 
density = 2540 kg/m3 very close to that of the crushed grains. Density values 
were calculated based on the volumes displaced from a measuring cylinder by 3 
approximately 0.7 kg samples of different size classes. Characteristic values of 
grain size and sorting of the bulk mix of all the sediments are shown in Table 
3-1. Particle shape analyses were also carried out following Krumbein (1941), 
Hayakawaa and Oguchib (2005) and UCDAVIS (2007). Results for the analysis of 
particle shape for the two beds used are summarised in Table 3-3. 
 
 
Near uniform 
Gravel 
Uniform gravel 
Unimodal 
sand-gravel 
Size range 2-8 4-5.6 1-16 
D16 -- -- 4.0 
D50 4.8 4.8 6.6 
D84 -- -- 9.6 
D90 5.6 -- 10.6 
Sorting – σg 1.45, very well sorted Single size 1.57, moderately sorted 
Roundness (1) Approx. 0.3 Approx. 0.3 0-5-0.6 
Sphericity Mainly spherical Mainly spherical Mainly disc or spherical 
(1) Mixed-size gravel data comes from direct measurements of three perpendicular axes of 
particles of sieve size 8-11.3mm; whereas, given the smaller size of the grains of the near-
uniform bed, assessment of particle shape was carried out through visual inspection. 
 
Table 3-3. Grain size characteristics of test beds. Size units are mm. 
 
It is noted here that grain shape characteristics may affect the mobility of the 
individual grains (Chapter 2). In particular, the use of crushed gravel for the 
uniform and near-uniform beds should be viewed as a result of experimental 
constraints. Natural gravel such as the one used for the unimodal bed are likely 
to represent the behaviour of gravel bed rivers more closely than the angular 
material used to make the well sorted beds. In particular, Monteith (2001) 
showed that the entrainment threshold of angular grains can be over 30% higher 
than river sediment of the same grain size. In this respect, values of entrainment 
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thresholds obtained for the well sorted material may differ from those obtained 
if a more natural sediment had been used. Nonetheless, the general findings of 
grain mechanics and the effects of antecedent conditions on granular beds 
(Chapter 4) are likely to be applicable to real river bed compositions.  
 
3.1.4 Particle painting and bed mixing 
The use of the reference transport method (RTM) (section 3.4.6.2) required the 
estimation of the bed surface composition throughout the experimental runs. 
Since results from the automated grading software were inadequate (section 
3.4.2), an alternative semi-automated procedure, similar to that described by 
Wilcock and McArdell (1993), was adopted (section 3.4.3). This required painting 
each size class of the unimodal bed in a different colour. As visual colour 
identification was essential for the success of this technique, good colour 
contrast was a priority. Colour combination tests were carried out until 
appropriate colour identification and contrast were achieved. This reduced the 
possibility of confusion identifying the colours, essential for the estimation of 
the bed surface composition (section 3.4.3). The paint used was standard 
exterior masonry paint for all size classes except the classes containing D50 and 
D90, which were painted in ultra violet (UV) paint. Table 3-4 shows the colour 
scheme adopted together with approximate samples of the colours used.  
 
Sieve size (mm) Colour Colour sample 
1-1.4 Yellow  
1.4-2 White  
2-2.8 Light blue  
2.8-4 Green  
4-5.6 Lilac  
5.6-8 Red (UV)  
8-11.2 Blue (UV)  
11.2-16 Black  
Table 3-4. Colours used in the unimodal bed 
 
One coat of paint was applied to all but the two smallest size classes, for which 
two coats were applied, as yellow and white paints had some transparency. 
Particle sieve size cross over due to painting was minimal with efficiency rates 
of sieving after the painting process (% of painted particle weight passing the 
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same sieve) between 95% and 98% for the size classes between 1 and 5.6 mm; 
which are comparable to those reported by Wilcock and McArdell (1993) (mean 
efficiency = 95%). The influence of the paint coat on larger sizes was observed to 
be much smaller, so classes larger than 5.6 mm were not re-sieved. 
 
A total of 425 kg of sediment mix were made and placed into the flume channel. 
The sediment was thoroughly mixed again in the flume and levelled to a depth 
of approximately 50 mm. The mixing procedure minimised particle segregation 
and ensured appropriate mixing of sizes. Preparation of the bed for each 
experiment run included full remixing of the bed; thus, bulk mix composition 
remained constant throughout all experiments. The consistency of the grain size 
distribution of the initial bed during the preliminary tests (section 3.4.3.3) and 
throughout the experimental work (Table 3-5) confirms this. 
 
 Average Std. dev. Average Std. dev. 
 Stage 1 Stage 2 
D16 4.19 0.10 4.19 0.17 
D50 6.41 0.13 6.34 0.11 
D84 9.05 0.47 8.74 0.34 
D90 10.27 0.36 10.03 0.28 
Table 3-5. Statistics of main particle sizes of initial beds for Stage 1 and Stage 2. Sizes in mm. 
 
3.2 Flume components and setup 
3.2.1 Description of the flume 
A flow-recirculating Armfield flume with an effective length of 7 m, an internal 
width of 0.9 m, and glass side-walls 0.45 m high, was used (Fig. 3-3). The 
channel can tilt in order to adjust the channel slope. Flow depth is controlled by 
regulating the tailgate at the downstream end of the flume. Flow recirculation 
was provided by a pump controlled by a signal inverter (section 3.2.2.4). Two 
instrument carriages that could travel the entire length of the flume channel 
were used to mount equipment, including ADV, point gauges, light lamps and, 
video and photographic cameras. A bedload trap was designed and installed 
under the flume bed near the downstream end of the flume.  
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Fig. 3-3. Sketch of flume and main components 
 
3.2.2 Flume equipment and instrumentation 
3.2.2.1 Pump 
Two pumps were used: the first, a 22.5 Kw propeller pump capable of a 
maximum discharge of 120 l/s, provided the flow for the Pilot Runs. Due to age 
this pump failed (slipped propeller) and was replaced in March 2009. This new 
pump, a close coupled centrifugal pump with an 18.5 Kw motor capable of 
providing a maximum flow of 100 l/s, was used for the remaining laboratory 
work. 
 
3.2.2.2 Point gauge 
A Mitutoyo SD12” pointer gauge, providing readings at 0.01 mm intervals, was 
used for calculating flow depths by measuring the difference of readings 
between bed and water surface. Readings were taken along the centreline of the 
channel at 0.5 m intervals. 
 
3.2.2.3 Bedload trap 
A new bedload trap was installed, based on a rectangular opening on the base of 
the flume that is connected to a removable collection box by a perforated 
rotating shaft acting as a valve (Fig. 3-4). The trap opening is located in the 
centre of the channel approximately 6 m downstream from the flume channel 
Portaflow sensors 
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entrance. Its dimensions are 450 x 50 mm2, with the longer side perpendicular to 
the direction of the flow. Attached to the base of the flume and immediately 
below it is the valve system, composed of a self lubricated nylon compound 
block (Nylon 66), vertically perforated by 6 equal slots connecting the flume 
opening with the collection box below. A cylindrical brass shaft, also perforated 
with 6 matching slots (the dimensions of each opening are 42x50 mm2 
approximately), was embedded within the block in the direction of the trap 
opening. The rotation of the shaft by 90º opens and closes the valve, allowing 
sediment to fall from the flume to the collection box below. This box is made of 
transparent Perspex® and its internal dimensions are (in mm) 300 x 80 x 210 
(length x width x height). Two clips attached to the sides of the box, one either 
side, maintained the box firmly attached to the trap valve block. A neoprene rim 
over the top of the collection box keeps the system watertight while the box is 
attached to the flume. Two collection boxes were available for continuous 
bedload sampling.  
 
 
 
 
 
 
 
 
 
 
Fig. 3-4. Sketch of the sediment trap. 
 
Individual sampling times covered the entire duration of each flow stage and 
therefore varied with the duration of the flow steps employed in each 
acceleration rate run (6, 12, 24, 48, 72 and 120 min. for the hydrographs of 
duration 0.5, 1, 2, 4, 6 and 10h respectively); however, the sampling period for 
the stability test (6 min.) was common to all experiments in which bedload 
samples were available. Thus, the entire period for which the bed was subject to 
Flume bottom 
Collection box 
Valve shaft 
Valve block 
Trap opening 
Sediment 
Neoprene rim 
Flow direction 
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flow action was accounted form, with the bedload rate being the total dry 
weight of each sample divide by the duration of the sampling interval.  
 
It is noted that the change of the collection box produced air bubbles, trapped 
within the valve shaft, which escaped vertically into the channel flow when the 
valve was reopened. These bubbles destabilised some grains around the leading 
edge of the trap opening, which fell into the box. Thus, additional particles 
were collected in the samples. Based on visual observation the maximum 
additional solid sample was estimated as 20% of volume for the smallest 
samples, rapidly reducing as the volume of collected material increased for high 
flows. This may slightly distort amounts and compositions of bedload samples, 
especially when samples are very small, due to the bias introduced by the 
analysis-by-weight of the bedload data processing. Thus, at higher discharges 
larger amounts of mobilised sediment reduce the impact of air bubbles and give 
a more reliable data set. Furthermore, since the collection box was replaced a 
number of times within each experiment, falling of unstable grains due to air 
bubbles was largely reduced as experiments progressed. The impact of this 
overestimation of the solid samples was minimised by the visual fitting 
technique used when estimating entrainment thresholds based on the reference 
transport method, which associated larger weighting to the samples collected 
during the stability test, for which the oversampling was negligible. 
 
3.2.2.4 Signal inverter 
The pump speed was controlled by an IMO VXM1850 torque controller, called 
here signal inverter. This inverter regulates the pump frequency via a remote 
keypad to a precision of 0.01 Hz. Details of flow control are below. 
 
3.2.2.5 Flow measuring device: Portaflow 
A Microelectronics Ltd. PortaflowTM was used to monitor flow in the return pipe. 
It is an acoustic device that measures the average fluid velocity in the discharge 
pipe from the pump, transforming this into flow rates with a precision of 0.01 
l/s. The device automatically recalibrates with changes of water temperature, 
which required slight manual adjustments of the distance between sensors. The 
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manufacturer recommends a minimum signal strength value of 40%; values 
obtained during experiments were in excess of 70% for all experiments, which 
ensured the reliability of the measurements. It is worth noting nonetheless that 
the Portaflow readings were not contrasted against another method of flow 
measurement. However, no instability or malfunctioning of the Portaflow was 
noticed during the experimental work; thus, inaccuracies in the flow readings 
are not anticipated. In any case, bed shear stress values were estimated based 
on water depth-slope or velocity data measurements (section 3.4.5), 
independent of the flow readings. 
 
3.2.3 Flow control 
Pump speed was directly controlled by the signal inverter by regulating the 
electric impulse to the pump motor. During the Pilot Runs, flow was directly 
regulated by changing the electric signal of the inverter. This meant that signal 
frequency, not flow, was observed and controlled by the user, with flow then 
being monitored by the Portaflow. The inverter could be programmed with a 
series of up to 7 time steps, which could be reprogrammed to create a 
continuous semi-automated pump control. Since the electrical signal was used to 
control the pump at this stage, a relationship between the inverter signal and 
the flow in the flume was obtained for a range of flows spanning those used 
during the experiments (Table 3-6). This relationship was used in the Pilot Runs 
to create the test hydrographs. Fig. 3-5 shows the excellent correspondence 
between signal inverter frequency and flows measured and the very small range 
of flows observed for each frequency. 
 
Inverter signal (Hz) 16 18 20 22 24 26 28 30 
Average flow ( l/s) 12.9 19.1 25.2 31.3 37.4 43.5 49.6 55.7 
 
Table 3-6. Summary of the relationship between inverter signal and average flow readings by 
the Portaflow for the Pilot Runs. 
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Fig. 3-5. Relationship between signal inverter frequency and discharge measured with 
Portaflow. Errors bars indicate the range of flows measured for each frequency. Range of bars 
reduce with increasing flows, which indicates a more stable pump regime for higher flows. 
 
A self-regulating system, between the inverter, the pump and the Portaflow, 
was later installed. The inverter, now capable of functioning using flow values, 
was set at a specific flow by the user. The inverter continuously compared the 
Portaflow readings with the target flow and adjusted the speed of the pump to 
match the target flow. An analysis of the performance of the system, comparing 
Portaflow readings under manually and automatically regulated flow conditions 
was undertaken for the first pump. When manual setting was used data showed 
that differences between the target flow and the average measured flow, 
obtained during 3 minute sampling periods with 10 seconds sampling frequency, 
ranged between 1 % and 4 %, with the actual value being lower than the target 
flow. In the case of controlled conditions the same differences ranged from 0.2 
% to 0.5 %, with actual flows always lower than objective ones. The differences 
clearly show the improvement achieved by linking the pump, Portaflow and 
inverter. A second check of the flow control system was performed for the 
second pump, with differences varying from -0.5% to 0.4 %, demonstrating the 
stability of the system regardless the pump used. However, using this self-
regulating system meant that the inverter could no longer be programmed and 
all flow changes had to be manually set by the user.  
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3.2.4 Uniform flow set up 
All the experiments were conducted under uniform flow conditions, where the 
surface of the water was parallel to the bed and therefore, flow depth and 
velocity were constant along the flume. Uniform flow conditions are important 
as they permit comparison of measurements of hydraulic and bed characteristics 
that are often taken at different locations within the flume. In addition, some 
formulae, including bed shear stress estimation methods (see 3.4.5.3), require 
uniform flow conditions. 
 
Uniform flow was established for each flow as follows: for a given bed slope and 
flow, repeat measurements of depth were taken at 10 locations along the flume 
at 0.5 m interval, adjusting the tailgate to produce approximate uniform flow 
(defined when slope of the fitted line to water levels was within ± 2 % of the 
objective slope). Repeating this procedure for the full range of flows produced a 
relationship between flow, tailgate position and average flow depth. These data 
were subsequently used to set uniform flow conditions during the experiments 
and to estimate shear stress for each flow. 
 
3.2.5 Configuration of granular beds 
Each experiment series had associated a different configuration of the granular 
bed and test area in the flume. Fig. 3-6 shows schematic of each of them. 
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Fig. 3-6. Schematics of sediment bed configuration. A)Pilot Runs; B)Unimodal sand-gravel bed 
(Stages 1 and 2); C) Unifrom gravel. 
 
3.3 Measuring equipment  
3.3.1 Acoustic Doppler Velocimeter (ADV) 
An Acoustic Doppler Velocimeter (ADV) was used for measuring the velocity 
components at a single point. A Nortek AS Vectrino 3D side-looking velocimeter 
with a 40 cm fixed stem was used. ADVs measure flow velocities using the 
Doppler effect, as sound frequency changes when reflected from particles in the 
flow. ADVs consist essentially of a sound emitter, two to four sound receivers 
and a signal conditioning electronic module. The ADV receivers are aligned to 
intersect with the transmission beam at a common sampling volume (Fig. 3-7), 
located 50 mm from the tip of the probe (for the ADV used here). The sampling 
volume is a cylinder of water with a fixed diameter of 6 mm and a user-defined 
height of 3-15 mm (for the velocimeter described here).  
 
 
 
 
 
 
 
 
 
Fig. 3-7. A) Image of ADV head (side-looking) used in the experimental work (nortek-as.com); B) 
schematisation of location of sampling volume. 
 
The minimum elevation of the flow depth to be sampled was limited to 6 mm 
above the sediment bed by the size of the ADV head (12 mm) (Fig. 3-8). This 
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reduced the availability of data very close to the bed, which pose a challenge 
when estimating shear velocity and stress from velocity data (section 3.4.5). 
 
 
 
 
 
 
 
 
 
 
Fig. 3-8. Sketch indicating alignment of ADV and minimum sampling elevation due to ADV head 
size.  
 
The emitter generates an acoustic signal that is reflected back by sound 
scattering particles present in the water (normally air bubbles, naturally 
occurring fine particles or seeding material) assumed to move at the fluid 
velocity. The scattered signal is detected by the receivers and used to compute 
the signal Doppler phase shift from which the flow velocity components are 
estimated (Sontek, 1997; Papanicolaou et al., 2001; Nortek AS, 2004; Garcia et 
al. 2005). The ADV measures the sound scatter from two consecutive pulses. 
After the signal is processed, the phase difference determines the velocity 
(Voulgaris and Trowbridge 1998), and the correlation is a measure of the 
similarity of the two pulses. Thus, the ADV correlations are a measure of data 
quality related to the velocity calculations, computed for each acoustic 
receiver. Correlation is expressed as a percentage, with values close to 100 % 
indicating reliable, low-noise velocity measurements, whereas low correlations 
indicate low noise reflection (insufficient seeding), the probe is out of the 
water, the signal-to-noise ratio (SNR) is too low, or ADV malfunctioning. It is 
commonly accepted that correlation should be above 70 % (Wahl, 2000; Mori et 
al., 2007; Masaló et al., 2008); thus, ensuring reliable data. This threshold was 
followed in the calculations presented in this thesis. 
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ADVs are designed to measure velocity as rapidly as possible. A single estimate 
of the velocity field is referred to as a ping. The data noise in a single ping is too 
high for practical use, so the ADV averages the values from a number of pings 
before producing a velocity reading; here, 10 pings per velocity value. In the 
thesis data set the sampling volume was typically 155 mm3 and the sampling 
frequency was 25 Hz, providing 1500 data values per minute and sampling 
position. Values of velocity were taken over a vertical profile located at the 
centre line of the flume channel and at 5 m from the upstream end (Fig. 3-9); 
and averaged over a 3 minute (Pilot Runs) and 2 min. (unimodal and uniform 
gravels) sampling period. Between 7 and 12 elevations were sampled, depending 
on the flow depth. The Vectrino ADV was equipped with temperature correction, 
self-adjusting for sound propagation speed depending on the water temperature, 
which was read by a thermometer included within the ADV.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-9. Schematic representing the position of the main equipment used for data collection. 
(Not to scale, indicative only). 
 
3.3.2 Photography and video 
Video and photographic images were extensively used during the experiments. 
Two video cameras and one digital still camera were used at different stages. A 
Panasonic NV-DS30 video camera was used for the near-uniform gravel 
experiments to record particle movements. Images were recorded on standard 
VHS tapes on a JVC HR-S6700 VCR and projected on a 26” Goodmans GD2880 TV. 
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For the remaining experimental work a Panasonic NV-GS230 digital video camera 
and a SONY DSC-3H 8Mp digital still camera were used for video and 
photographic images respectively. All cameras were mounted on the flume 
carriages above the channel and set up to cover the specific area of interest 
(Fig. 3-9). All cameras were focused on the granular bed while dry, and 
automatic focussing switched off to keep the image in focus under moving 
water. Images from the video cameras were directly recorded on tape and 
replayed for particle movement counting (section 3.4.1), whereas the still 
images were recorded on the camera 1Gb memory card and downloaded onto 
the computer at the end of the run. 
 
3.3.3 Lighting  
Additional lighting was required to increase image quality for the particle 
movement counts. Initially, for the near-uniform gravel experiments, standard 
incandescent 100 W bulbs were mounted on desk lamps and placed on the side 
of the flume pointing towards the bed. For the remaining experimental work two 
sets of Interfit Tungsten 3200 professional lamps and 500 W white light bulbs 
were used. These were fixed to two Manfrotto adjustable arms mounted on the 
same instrument carriage as the video and photographic cameras, so the entire 
image collection equipment moved together (Fig. 3-9). 
 
Water running through the flume provided a considerable challenge to the 
photography and video as the water surface reflected vertical light. Thus, 
conventional lights on the laboratory ceiling directly above the flume were 
covered, hence the data set was recorded with only lighting provided as 
described above and with these lights set at an angle to the water surface to 
minimise reflections. 
 
In addition to white light for the video and still images, two Blacklighting T8 20W 
ultra violet (UV) lamps were used to distinguish particles painted in UV paint 
from the rest of the sediment grains (section 3.1.4). The effect of the UV light 
was to dramatically increase the contrast of the UV painted grains and a large 
reduction of contrast for the remaining particles. Thus, identification of D50 and 
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D90 grains (Table 3-4) was largely improved. Fig. 3-10 shows an example of 
images of the same bed area taken under white and ultraviolet light. 
 
 
 
 
 
 
 
 
Fig. 3-10. Example of bed surface images under white light (A) and UV light (B). Image area size 
is 460 x 61 0mm2.Particle sizes correspond to the colours specified in Table 3-4. 
 
3.4 Experimental techniques 
3.4.1 Particle movement count 
The application of the visual method for the estimation of entrainment (section 
3.4.6.1) was based on manual counting of particle movements over an area of 
150 x 150 mm2 symmetrically placed over the flume centre line. This area was 
located 4.5 m from the upstream end of the flume for the Pilot Runs, where 
fully uniform flow conditions were observed. For the remaining experiments, the 
same size of the test area was used, although its location was further 
downstream, approximately 300 mm from the sediment trap opening, about 5.5 
m from the upstream end of the flume. Consistency of measurements was 
guaranteed by placing an aluminium frame on the bed surface, onto which the 
camera was zoomed in to optimise image area. The camera was oriented so that 
the flow direction was from right to left on the image. The test area was 
magnified to approximately 46 x 46 cm2 when projected on the TV screen. This 
magnification aided clear identification of individual particles although it was 
difficult for the operator to focus on the entire screen and note all movements 
occurring simultaneously. Therefore, the screen was horizontally divided into 
two equal rectangular areas with the long side parallel to the direction of 
movement, optimising particle recognition conditions in comparison with the 
undivided screen. Once the experiment was concluded, the video recording was 
A B 
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played twice, one per screen division, and particle movements were counted. 
The aggregated particle counts were used to define a relationship between flow 
and the number of grain movements recorded for each discharge. Although no 
systematic test of count repeatability was carried out, the measures taken for 
optimising the procedure meant that variability of counts is likely to be minimal. 
This was confirmed by the anecdotal instances in which counts were repeated, 
where differences between counts were in single figures, reducing with smaller 
N. During Stages 1 and 2 grain visualisation of the modal size class (5.6-8 mm) 
was improved by recording images under UV light (this size class was painted in 
red UV-reactive paint, see section 3.1.4), which made particles stand out from 
the bed, increasing reliability of count. 
 
3.4.2 Automated bed surface composition  
A number of techniques and software packages have been developed to provide 
bed surface composition automatically (eg. Lane et al., 2001; Sime and 
Ferguson, 2003; Carbonneau et al., 2003, 2004,2005; Rubin, 2004; Graham et al. 
2005a; Buscombe et al., 2010). One of these packages is Digital Gravelometer 
(DG), developed by Dr. David Graham and his team at Loughborough University3. 
In the current thesis, a free, fully functional trial version was used. Details of 
the theoretical basis and technique background can be found in Graham et al. 
(2005a, 2005b).  
 
Tests of the performance of Digital Gravelometer used natural beach gravel 
separated in three individual size classes: 1.4-2, 4-5.6 and 8-11.3 mm. These 
size classes provided a good representation of the full range of sizes present in 
the test beds. In addition, painted grains of the same material (4-5.6 and 8-11.3 
mm) were included to determine the possible influence of coloured grains on the 
results (Appendix 1). The images were taken following the recommendations 
found in the references to the software and information from the software 
website. 
 
                                         
3 http://www.sedimetrics.com 
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Results from DG were inadequate, with very poorly sorted grain size distributions 
displaying long tails on the finer classes (< 0.18 mm) that were very different 
from those used to test this software (Fig. 3-11 and Appendix 1). Therefore, the 
use of Digital Gravelometer for automated grain size distribution was discarded. 
Appendix 1 contains the results of the tests carried out.  
 
 
 
 
 
 
 
 
 
Fig. 3-11. Example of best output from Digital Gravelometer for images containing single size 
class 4-5.6 mm. Note that the percentage associated to 4 mm should be close to 100%. 
 
3.4.3 Manual bed surface composition using ImageJ 
The inadequate results obtained with grading software meant that manual 
assessment of bed particle size composition was unavoidable. Wilcock and 
McArdell (1993) painted each size class in a different colour and took 
photographs of the bed surface, performing particle counts similar to the 
Wolman (1954) method (grid-by-number), which is equivalent to volume-by-
weight data commonly used in bulk sample analyses (Kellerhals and Bray, 1971; 
and Church et al., 1987; Wilcock and McArdell, 1993). They projected each 
image onto a square grid and recorded the colour of grains falling on each grid 
line crossing. As the colours of the grains were uniquely related to their size 
class, data provided bed surface composition of the area covered by the image. 
 
One major advantage of this method over the automated grading is that 
sediment beds do not need to be dry as it is the case with DG. Thus, photographs 
of the bed surface can be taken at any time during runs, ensuring the continuity 
of the experiments. Other authors (Wiclcock and McArdell, 1993; Hassan et al. 
2006) have taken images of the bed after reducing the flow in the flume or 
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draining it completely, before increasing the flow back to its original value. This 
procedure is not followed here as it adds artificial cycles of high-low flow which 
are both unnecessary for the procedure and problematic for the purposes of this 
study where flow antecedency is a primary focus. Therefore, images were taken 
without reducing discharge. This method is non-invasive, with no disruption to 
the bed and hence, there is no effect on the flow history. 
 
The assessment of bed surface composition was based on particle counts over 
four images of the bed taken at successive locations along the flume, each 
covering an area of approximately 460 x 610 mm2. This image area is intended to 
maximise the area of observation of the flume bed in a single image, and it 
covers the entire width of the sediment trap opening (450 mm) in the short side 
of the image area. The image length (610 mm) was fixed by the camera image 
ratio (3/4). Images locations are listed in Table 3-7. The downstream edge of the 
first image was approximately 150 mm upstream from the sediment trap opening 
and the image included the entire area of interest for the particle movement 
count. The total area covered by the images was 1.1 m2, which represents 22 % 
of the total test bed upstream of the sediment trap. This was very similar to the 
24% bed coverage used by Wilcock and McArdell (1993). 
 
Image 1 Image 2 Image 3 Image 4 
At u/s edge of sediment trap 
opening (approx. 5.88m) 
5m 4m 3m 
Table 3-7. Position of photographic images (distance from flume u/s end) measured from the 
position of the downstream edge of the carriage. 
 
The particle count was carried out using a free image processing and analysis 
software package, called ImageJ, developed by the USA National Institute of 
Health (NIH)4. The version used in this work was ImageJ 1.39u. The standard 
suite of functions of ImageJ can be enhanced by incorporating tools, called Plug-
ins, developed by others. Among these plug-ins are two of particular interest: 
Grid, created by Wayne Rasband at the NIH5; allowing the projection of a square 
grid onto the image and, Cell Counter, developed by Kurt De Vos at the 
                                         
4 http://rsb.info.nih.gov/ij/ 
5 http://rsbweb.nih.gov/ij/plugins/grid.html 
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University of Sheffield6, which provides individual cumulative counts of up to 8 
feature types. As images can be scaled in ImageJ, dimensions of the grid could 
be set at scale 1:1. The grid square size was determined by balancing a size that 
avoided counting the same particle twice and providing an appropriate number 
of grid crossings. The grid was randomly placed by ImageJ each time it was 
projected.  
 
Rice and Church (1996) showed how the percentile standard error sp expressed in 
absolute units (phi or mm) is inversely proportional to the square root of the 
sample size ns. Therefore, errors of particle counts reduce with larger sample 
sizes. Other authors such as Wolman (1954) and Mosley and Tindale (1985) 
suggested sample sizes of around 100 particles. Tait et al. (1992) also used 100 
particle counts per image for analysing bed surface composition. An initial 
analysis of the sensitivity of the results to sample size was carried out using a 
minimum of 100 and 200 particle counts per image for a selection of images. 
Rice and Church (1996) contains a detailed analysis of the effect of sample size 
on field size distribution results; they recommended a sample size of 400 
particles when 95% confidence limits of approximately ±0.1 phi are acceptable; 
which is the minimum number of coloured stone counts performed for this 
research work (100 particles for each of the 4 photographs analysed). It is 
highlighted that Rice and Church’s (1996) recommendation applied to field 
measurements, in which areas of sampling (tens of square meters) are much 
larger than the flume bed area sampled in the experiments presented in this 
thesis (5-6 m2). Thus, 400 particle counts are well above that minimum 
recommended.  
 
Sample size variability resulted from the random positioning of the projected 
grid, which causes variations in the number of line crossings included within the 
area of interest. Repeatability of the procedure was tested by replicating 
particle counts (named A and B) randomly repositioning the grid over the image, 
thus providing two independent bed surface compositions. The sides of the grid 
squares were set at approximately 50 mm and 35 mm for the 100 and 200 counts 
                                         
6 http://rsbweb.nih.gov/ij/plugins/cell-counter.html 
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respectively; much larger than the largest grain (16 mm) so ensuring that no 
particle was counted more than once in the same count.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-12. Results of test of bed surface particle count. Numbers 100 and 200 represent the 
minimum number of particles counted per image; A and Bafter the number of particle counts, 
eg. 100A, refer to each count replicate. 
 
The bed surface compositions presented here are summations of the particle 
counts for the four images of the bed surface taken each time (Image 1-4). 
Hence, bed surface composition was defined by a minimum of over 400 and 800 
particle counts, for the 100 and 200 point per image counts, respectively. These 
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particle counts were then transformed into individual percentages for each size 
class. A table summarising the results is in Appendix 1; Fig. 3-12 shows the 
comparison with bulk mix. 
 
3.4.3.1 Differences between 100 and 200 particle counts 
Comparison of results obtained using 100 and 200 particle counts per image 
(Appendix 1, Fig. 3-12) show no clear difference. Both 100 and 200 counts 
provide similar results: general over-counting of the 2.8-4 mm and 4-5.6 mm size 
classes, and under-counting of 8 -11.2 mm and 11.2 -16 mm size classes. These 
differences between particle counts and bulk mix are displayed by all three test 
beds, so it is likely that the shift of particle count is due to an actual absence of 
larger particles on the surface. To quantify the accuracy of each count, Root 
Mean Square Errors (RMSE) relative to bulk mix were obtained for all cases for 
the individual and cumulative percentages. It is noted that the calculations were 
carried out using bed composition percentages and so the results are shown as 
percentage units (Table 3-8); not to be confused with a relative percentage of 
change.  
 
  100-A 100-B 200-A 200-B 
 Test bed #1 
RMSE (individual %) 1.2% 1.6% 1.7% 1.4% 
RMSE (cum. %) 2.0% 2.4% 2.8% 2.0% 
 Test bed #2 
RMSE (individual %) 0.6% 0.3% 1.1% 0.9% 
RMSE (cum. %) 0.7% 0.4% 1.1% 0.9% 
 Test bed #3 
RMSE (individual %) 0.8% 0.8% 1.1% 0.7% 
RMSE (cum. %) 1.0% 1.2% 1.2% 1.0% 
Table 3-8. Comparison of 100 counts and 200 counts. RMSE corresponds to the differences 
between individual percentage weight of a size class on the sample results and bulk size 
composition. 
 
Results show very similar values in all cases. In general, RMSE values of both the 
individual and cumulative percentages of the surface bed composition show 
smaller divergence of the bed surface composition from the bulk mix for the 100 
count. Since counting 200 particles per image did not provide any measurable 
improvement to the results, counting 100 particles per image was adopted. This 
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means a minimum aggregated sample size of 400 particles, in line with Rice and 
Church (1996). 
 
3.4.3.2 Repeatability 
The consistency and repeatability of the particle count was assessed in two 
ways, similar to Wilcock and McArdell (1993), by calculating absolute values of 
differences between surface composition fi (in % units) provided by replicate 
counts (named A and B); and the change between replicates relative to the 
average value of fi of each replicate pair (average of fi(A) and fi(B)), (Fig. 3-13). 
 
 
 
 
 
 
 
 
Fig. 3-13. Repeatability of particle count results. A) absolute values of |fi(B)-fi(A)|; B) relative 
percentage of change of |fi(B)-fi(A)| over the average of fi(A) and fi(B). 
 
Differences in fi remain below 4.5%. This is the same as the maximum values 
reported by Wilcock and McArdell (1993). When these differences are scaled by 
the relative composition of the size class in the mixture, many of these values 
remain under 20% (Fig. 3-13B), comparable to the 25 % cited by Wilcock and 
McArdell (1993). Yet, variatios of size composition between replicates increase 
up to 120% for the smallest size class (1-1.4 mm). Since this size class has the 
lowest value of fi (1% in bulk mix) a small variation of the recorded value of fi 
relative to this 1% in the bulk mix results in large relative fluctuations. However, 
the absolute variation is up to 0.6% units (Fig. 3-13A). The impact of the value of 
fi of class 1-1.4 mm on the bed surface composition data is minimal since the 
contribution of this class is very small, typically < 1%.  
 
Contrary to the pattern found by Wilcock and McArdell (1993), there is no 
obvious relationship of the between-replicate differences of fi with grain size. 
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There is however, a clear correspondence of the relative differences of fi 
between replicates with fi values in the bulk mix, as differences rapidly decrease 
as the size class fi increases, reaching values below 10% for the mix mode. This 
can be explained considering that variations of 1-2 grains on the colour count 
have a larger impact on fi for classes with small fi than those with larger ones. 
 
An additional assessment of the repeatability of the method was carried out 
during Stage 1. Three images were selected, covering a range of bed and flow 
conditions, for which 100 particle counts per image were performed ten times. 
The variability of the results was analysed, as above, by comparing results to the 
average of all ten bed surface composition data sets for each image (Fig. 3-14). 
The average of ten absolute between-replicate differences reaches a maximum 
of 4% units, with values having a positive correlation with the percentage of 
each size on the bed surface fi; a similar result to that found by Wilcock and 
McArdell (1993). 
 
 
 
 
 
 
 
 
 
Fig. 3-14. Variability of 10 repetitions of particle count with surface bed composition. Runs 1, 2 
and 3 correspond to data collected during 3 different Stage 1 experiments (Qref, AccRate1 and 
AccRate2) and flow stages (initial bed, 31.5 l/s and 50 l/s) respectively.  
 
Confirmation of the repeatability of the method came from the complementary 
analysis carried out by Dr. Luca Mao at the University of Hull of another set of 
three images (Image 1-3) sent by the author of this thesis. Dr. Mao performed 
the same particle count procedure detailed here counting 280 particles per 
image, selected by a randomly placed square grid, replicated three times for 
Image 1. In addition, Dr. Mao obtained bed surface composition data by digitising 
the b-axis of the same 280 particles previously selected. The number of particle 
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counts (280) was adopted by Dr. Mao for consistency with his previously 
established b-axis digitation method, which uses 280 particle diameter 
measurements. The results are plotted in Fig. 3-15 and Fig. 3-16. 
 
 
 
 
 
 
 
 
 
Fig. 3-15. Results from coloured particle count and b-axis digitisation for Image 1. A) 
Comparison between replicates of coloured particle count, 280 grains per count, performed by 
Dr. Mao. Insert table shows a summary of mixture diameters (mm) for the three repetitions , b 
and c. B) Comparison between b-axis digitisation and particle count of 100 and 280 grains per 
count. 
 
 
 
 
 
 
 
 
 
Fig. 3-16. Comparison of bed surface composition results from b-axis digitisations and coloured 
particle count (100 grains per image) for each image analysed. 
 
Cumulative grain size distributions for the three colour counting replicates 
performed for Image1 show near identical values (Fig. 3-15A), with D50 for the 
three repetitions being 6.9, 6.9 and 6.8 mm respectively, confirming the 
repeatability of the method. These values are also in agreement with the 
cumulative size distribution using 100 particles per count (Fig. 3-15B). Thus, 
these results confirm that the proposed method is consistent and variations due 
to grid position or operator cause minimal effect on bed compositions, but also 
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clearly show that there is no increased benefit by using a large number of 
particle counts (280) over the adopted 100. 
 
The comparison between digitising particle b-axes (280 grains) and counting 
painted particles (100 and 280 grains) shows that digitised diameters were 
consistently finer for sizes below D50 (ratio of D16 0.76-0.85) and very similar for 
D greater than D50 (ratio of D90 0.96-1.00) (Table 3-9). This may be explained by 
the errors associated with digitising visible diameters, which might not be 
sufficiently exposed and are likely to be smaller than the actual ones (Church et 
al., 1987). This underestimation of diameter has a smaller effect on larger 
particles, where a potential 1 mm error is a small proportion of the particle size 
and hence is unlikely to change its size class. Conversely, for smaller classes, the 
same error of 1 mm is more likely to alter the size class under which the particle 
is classified, as it is a larger percentage of the grain size. Thus, bed surface 
composition based on axis digitisation is more sensitive in the smaller particle 
range. 
Percentile b-axis digitation Particle count 
16 3.8 2.9 2.9 4.9 3.4 3.9 
50 6.6 5.8 6.0 7.0 5.9 6.2 
90 10.6 10.0 10.1 11.0 10.0 10.2 
Table 3-9. Comparison of main particle diameters (mm) from b-axis digitation and particle 
count. 
 
Bed surface composition results from particle count were also compared to those 
obtained by areal sampling (Church et al. 1987). Surface samples were taken 
using soft plasticine over a rectangular area of 300 x 225 mm2. This area 
corresponds to approximately 1/4 of the standard image area used for the 
coloured particle counting. The size of the sampling area was limited by the 
ability to retrieve the bed grains reliably. Soft plasticine was used for its 
adherence properties, similarly to clay, without the drawbacks of having to wash 
the sample (Fripp and Diplas, 1993) and of penetration below surface layer 
present in wax sampling (Marion and Fraccarollo, 1997), ensuring surface-only 
samples. Grains extracted by the plasticine were sieved and weighed to obtain 
the size distribution. These area-by-weight results are not directly comparable 
to particle counts; hence, the method proposed by Marion and Fraccarollo (1997) 
was applied to convert the area-by-weight data of the areal sample into volume-
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by-weight, i.e. conventional bulk sieve analysis, which is equivalent to the 
particle count procedure used here (Kellerhals and Bray, 1971; and Church et 
al., 1987; Wilcock and McArdell, 1993; Rice and Church, 1996).  
 
 
 
 
 
 
 
 
Fig. 3-17. Comparison of bed surface compositions data from particle count and areal sampling 
(plasticine). Sample i-100: particle count of 100 particles. Sample i-P: areal sample using soft 
plasticine. Deviation between particle count and areal sample for Sample 3 is likely due to fine 
material not having been fully picked by the plasticine. 
 
Counts of 25 particles of the same surface sampling area were replicated four 
times to produce total counts of 100. These samples produce size distribution 
curves that are similar to those from the areal sampling (Fig. 3-17 and Table 
3-10), with ratios of main particle diameters for particle count over areal 
sampling in the range of 0.91-1.09. Of particular similarity are samples 1 and 2 
(Table 3-10), with bed surface composition from particle count obtained for 
sample 3 being finer than the results from the areal sample. This may be linked 
to lower efficiency of the plasticine picking finer grains from the bed in this 
sample. This comparison of the results from the particle counts and other 
sampling methods confirmed that the methodology proposed was valid to 
represent bed size distribution of the sediment bed surface, as shown by the 
similarity and consistency of results shown in Fig. 3-17.  
 
 Sample 1 Sample 2 Sample 3 
 
Particle 
count 
Areal  
sample 
Particle  
count 
Areal  
sample 
Particle 
count 
Areal  
sample 
D16 3.33 3.39 4.72 5.17 4.14 4.24 
D50 5.57 5.79 6.88 7.03 6.08 6.42 
D90 9.89 9.39 11.66 10.69 9.89 10.36 
 
Table 3-10. Comparison of main mixture diameters from coloured particle count (100) and areal 
sampling. 
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3.4.3.3 Bed preparation and comparison with bulk mix 
Preparation of the bed followed conventional procedure similar to that 
described in Wilcock and McArdell (1993). Bed material was thoroughly mixed 
manually and then levelled following the flume slope to create a planar surface. 
The resulting bed was called screeded bed. These initial beds are compared with 
the bulk mix, to assess the effect of the preparation procedure. Ten beds are 
used for this: the three beds initially tested above, plus seven of the beds 
prepared during Stage 1. The aims of this analysis were: (1) testing the 
consistency of the mixing and, (2) whether any bias on the bed surface 
composition was introduced by the bed preparation procedure. Fig. 3-18 shows a 
summary of the results.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-18. Comparison of screeded bed and bulk mix. A) Cumulative grain size distribution, B) 
Individual percentage weight of each size class. Vertical error bars indicate the range of data 
obtained. 
 
Results from both the initial tests and Stage 1 are consistent with those of the 
bulk mix for individual values of fi and for the cumulative grain size distribution. 
The bed preparation procedure appears to increase the presence of the 4-5.6 
mm size class by approximately 4-5 % units, combined with approximately 3.5% 
units reduction in the presence of the 8-11.3 mm and 11.3-16 mm classes. The 
overall result was that the bed surface composition was slightly finer than the 
bulk mix (D50 = 6.4 and 6.6 mm respectively). Differences for all other size 
classes are below 2%. Average values closely follow the size distribution of the 
bulk mix demonstrating that the bed preparation procedure did not introduce 
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major bias or grain size segregation on the experimental beds and could be 
assumed to be similar to the designed bulk bed composition. 
 
These findings contrast those of Wilcock and McArdell (1993), where colour bias 
is suggested. They report a general overcounting of brighter colours and 
undercounting of darker colours. However, surface bed composition of their test 
beds clearly shows values of fi/Fi > 1 for D < 8 mm and fi/Fi < 1 for D > 8 mm 
regardless the colour. They also projected a grid over the photographs to define 
the grain count; therefore, selecting grains automatically, eliminating user bias. 
Wilcock and McArdell (1993) did not report colour confusion among orange, 
yellow and pink as one might expect, but overall excess of particle count for 
these three colours. Data in Wilcock & McArdell (1993) suggest finer bed surface 
composition of the prepared beds than that of their bulk mix. This is confirmed 
by the surface bed size distribution graphs (Fig. 5 of Wilcock & McArdell, 1993), 
where the start-up beds are noticeably finer than the bulk bed. Thus, their 
values of fi/Fi are not a consequence of grain colour but a real change in size 
distribution of their start-up beds. Thus, values of fi/Fi > 1 and fi/Fi < 1 should 
be referred to as over-presence and under-presence respectively. It is reiterated 
that there cannot be over or under counting of particles of a specific colour 
range unless (1) grains are individually selected by the operator, which is not the 
case as an automatically generated grid was projected simultaneously over the 
entire image area, or (2) colours are not clearly distinguishable, so user 
subjectivity affects the colour choice. This last issue was avoided in this 
research by ensuring that no two consecutive size classes had similar colours. 
3.4.4 Clustering analysis using UV light 
The use of UV painted grains and UV lights meant that these specific particle 
size classes could be visually isolated from the others. This was used to analyse 
potential clustering of grains. The study of particle clustering was based on the 
assumption that bed particles were initially randomly distributed over the bed 
surface prior to exposure to flow. As increasing flows are applied to the bed for 
a range of durations (section 1.3), particles, specifically the larger sizes, are 
expected to move and become arranged into groups of grains or clusters (Reid et 
al., 1997; Church et al., 1998; McEwan et al.,2004; Oldmeadow and Church, 
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2006). Thus, if the initial number and average surface area of clusters of a given 
particle size can be estimated, subsequent variations of these values (such as 
reduction of the number of groups and increase of their average size) would 
indicate such clustering, provided that the total area occupied by the grains 
remains approximately constant. Visual inspection of the images can be used to 
support any identification of clustering in this way. 
 
Statistical methods for clustering analysis are available, such as the nearest-
neighbour analysis (Unwin, 1981). These are based on the spatial position, x and 
y coordinates, of each element. However, such methods require a degree of 
accuracy and consistency of the image positioning that was not achievable in this 
work, as the frame supporting the camera was cyclically repositioned along the 
flume for each image series. Thus, an alternative technique was required for the 
experimental conditions in the present thesis. 
 
The conceptual scheme applied in this research relies on the identification of 
individual particles or groups of them and the estimation of their surface area. 
This was done using an additional plug-in for ImageJ, called Threshold Colour, 
created by Prof. Gabriel Landini, School of Dentistry, University of 
Birmingham7), and available under General Public Licence. Among other 
capabilities, this application can threshold a specific colour from an image by 
selecting a range of values within the HSB (Hue, Saturation, Brightness) range. 
Two grain size classes, 5.6-8 mm (D50) and 8-11.3 mm (D90), were painted in red 
and blue UV paint respectively. Fig. 3-19 shows an example of image of the bed 
surface under UV light and corresponding HSB histograms provided by Threshold 
Colour. Hue values clearly show the detection of the red and blue colours on the 
image, represented by the peaks of the histogram. The red colour falls 
approximately in the range 0-40 whereas the blue colour falls within the range 
70-190. The brightness histogram also displays a peak around a value of 70, 
approximately differentiating areas of shadow and those illuminated. As two size 
classes were painted, clustering analysis was initially attempted for both 
particle sizes. However, as the red colour corresponds to the bed grain size 
                                         
7 http://www.dentistry.bham.ac.uk/landinig/software/software.html 
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distribution mode, with values of fi > 40%, a large percentage of the image area 
was covered by this colour and the result was large interconnected areas across 
the image (Fig. 3-20), making the analysis of particle clustering meaningless. 
However, results from thresholding the blue colour, corresponding to the 8-11.3 
mm size class, with fi ≈ 15%, showed better individual particle/group 
identification (Fig. 3-21). Therefore, only the 8-11.3 mm size class was used for 
clustering analysis. After thresholding for blue in ImageJ, using the parameters 
of hue and brightness defined above, images were transformed into binary, after 
which individual particle/group surface areas were automatically calculated by 
ImageJ. This data set formed the basis of the numerical analysis.  
 
 
 
 
 
 
 
 
 
Fig. 3-19. Example of UV image and Threshold Colour histograms 
 
 
 
 
 
 
 
 
 
 
Fig. 3-20. Example of resulting image after applying the thresholding ranges to red colour 
 
Very small areas were typically produced by this procedure (circled areas in Fig. 
3-21). These were eliminated from the final calculations by setting a minimum 
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area size for the raw data provided by ImageJ. This filter, set at 0.2 cm2 after 
testing a range of values, dramatically reduced the number of particles/groups 
with minimal effect on the total area. This minimum surface area is over 30 
times smaller than that of an 11.3-16 mm grain (using b-axis = 11.3 mm and b-
axis/a-axis = 0.6). Values of total area Atot, total number of particle groups or 
elements Ne and average element size ai were calculated for the filtered data 
set. 
 
 
 
 
 
 
 
 
 
Fig. 3-21. Example of resulting image after applying the thresholding ranges to blue colour. 
Circles show very small thresholded areas removed during the filtering process. 
 
The clustering data allowed calculation of the evolution of the abundance and 
position of the 8-11.3 mm size class with flows and thus, cluster formation. This 
data is only available for Stage 2. The results of the clustering analysis are 
detailed in section 4.2.8. 
 
3.4.5 Methods for estimating bed shear stress and velocity 
Estimation of bed shear stress is a fundamental aspect of this research, as the 
analysis of entrainment thresholds and thus, bed stability, will be based on shear 
stress values and their variability with antecedent conditions. Three available 
methods are discussed here, two of them based on velocity data at individual 
locations (using velocity profiles and Reynolds stresses) and a third one based on 
cross sectional averaged bed shear stress (depth-slope).  
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3.4.5.1 Velocity profiles and the Law of the wall 
Velocity profiles were obtained at a single location on the centre line of the 
flume using ADV (section 3.3.1). Manipulation of equation 2-8 and equation 2-9 
results in the equation of a straight line with independent variable ln(z+d), slope 
κ/*u  and intercept )ln(/** skuBuC κ−=  for eq. 2-8 or )ln(/ 0* zuC κ−= for eq. 2-
9. Therefore, a straight line fitted to the data plot of ln(z+d) against u(z), 
provides values for u* , z0 and B. This procedure for estimating u* by fitting a 
straight line to the velocity profile data is called the Clauser method (Graf, 
1998). Shear stress is then determined using τ = ρ·u*
2. Further details of the 
procedure and range of depth to which the line is fitted to are described in 
Wilcock (1996), Graf (1998), Dey and Raikar (2007) and Piedra et al. (2009).  
 
3.4.5.2 Reynolds shear stress 
Velocity time series can be manipulated to derive the turbulent components of 
streamwise and vertical components of velocity, u’ and w’, respectively. In this 
way, the values of the Reynolds shear stress ''wuρτ −=  can be estimated for the 
entire flow depth. Under uniform flow conditions, the plot of τ against the 
dimensionless depth z/H (z = distance from the bed and H = total depth) 
produces a profile to which a straight line with a negative slope can be fitted 
(Song and Chiew, 2001; Franca and Czernuszenko, 2006). The intersection of this 
straight line with bed elevation provides an estimate of the bed shear stress over 
the bed surface. Using the equation τ = ρ·u*
2 the shear velocity can be obtained. 
 
3.4.5.3 Depth-slope 
Under uniform flow conditions, as present here, bed shear stress can be 
calculated using equation 3-1 (Shvidchenko et al., 2001) 
0SgRhρτ =       Eq. 3-1 
with =τ  shear stress (kg/m/s2 or Pa), ρ = water density (kg/m3), g = gravity 
acceleration (9.81 m/s2), Rh = hydraulic radius (m), and S0 = energy slope (m/m) 
(parallel to the water surface and bed for uniform flow). 
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Equation 3-1 provides a cross-section averaged shear stress, so including all 
elements of boundary roughness (bed grain roughness, bedforms, flume walls, 
and turbulent energy dissipation). The values obtained with this method are 
likely to differ from those obtained with the velocity profile and Reynolds 
stresses, which are based on data taken at a single profile at one location (Dey 
and Raikar, 2007, Piedra et al. 2009). In laboratory experimentation, where the 
width of the channel is relatively small compared to the flow depth, the 
influence of the walls has to be eliminated if accurate estimates of the bed 
shear stress are required. Two equations commonly used for wall-effect 
correction are:  














−=
2.0
44
7114.0
1
gS
V
b
ghS
νρτ    Eq. 3-2 
(Einstein, 1942), where h = flow depth (m); S = energy line gradient; V = cross-
sectional average velocity (m/s); ν= kinematic viscosity of the fluid (m2/s); b = 
channel width (m), and  
f
fb
hb
b
ghS 2+
=
ρ
τ
    Eq. 3-3 
(Vanoni and Brooks, 1957) where 28 VgRhSf = channel friction factor; 
( ) bfwfhffb −+= 2  bed friction factor; and ( )[ ] 11.0 3920 −−= fRfw wall friction 
factor, where R = 4VR/ν. 
 
The adoption of one correction method over the other does not appear to be 
based on any particular factor. Kleinhans and van Rijn (2002) used Vanoni and 
Brooks’ (1957) equation; whereas Olmeadow and Church (2006) and Shvidchenko 
and Pender (2000) used the Einstein method. In the calculations presented 
herein, corrected values of bed shear stress provided by the Einstein (1942) and 
Vanoni and Brooks (1957) methods were identical (< 0.2 %) in all cases. The wall 
correction reduced bed shear stress values between 2-5% for the flow range 15-
50 l/s, with percentages increasing with flow magnitude. Table 3-11 shows a 
summary of the values used for Stages 1 and 2 of this study. 
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Slope (m/m): 0.0067 Width of flume (m): 0.90 
Average Temp (ºC): 23 Kinematic viscosity (m2/s): 9.4e-07 
Density of material (kg/m3): 2,540 Density of water (kg/m3): 997.62 
Q ( l/s) h (mm) A (cm2) V (cm/s) u* (cm/s) τb (Pa) 
12 33.8 304.0 39.5 4.66 2.16 
15 37.8 339.9 44.1 4.91 2.41 
20 44.2 397.4 50.3 5.30 2.80 
25 50.2 451.9 55.3 5.64 3.18 
30 55.9 503.5 59.6 5.95 3.53 
35 61.3 552.1 63.4 6.22 3.85 
40 66.4 597.7 66.9 6.46 4.16 
45 71.1 640.3 70.3 6.67 4.44 
50 75.6 680.0 73.5 6.87 4.71 
 
Table 3-11. Summary of values of discharge Q, average depth h , wetted area A, average cross 
section flow velocity V, bed shear velocity u*, and bed shear stress τb estimated using Vanoni 
and Brooks (1957). Note that results from Einstein (1942) method are the same. 
 
3.4.6 Estimation of entrainment thresholds 
Two of the methods for the estimation of bed entrainment threshold discussed in 
Chapter 2 were applied here: Visual and Reference Transport methods. 
 
3.4.6.1 Visual method (Yalin) 
The visual, or Yalin’s, method is based on the definition of a minimum number of 
particle movements, N, over a defined bed surface area A (m2), for a limited 
time period, t (s). In this thesis, grain dislodgement, i.e. horizontal 
displacement of at least 1 particle diameter, is used as criterion for the particle 
movement count. The visual method was proposed by Neill and Yalin (1969) and 
modified by Yalin (1977), who suggested the following equation to calculate the 
minimum number of particles movements to define the threshold.  
( )[ ] 35.01 −⋅−⋅= DgDKN s ρρ     Eq. 3-4 
with K = constant. 
 
A modification to this approach is to calculate N explicitly from the bed 
properties and the parameters A and t (Paphitis and Collins, 2005). 
5.0
5
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−
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−
⋅⋅⋅=
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tAN
s ρρ
ρ
ε     Eq. 3-5 
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where ε = 10-6 (lower limit suggested by Yalin, 1977). The value of N refers to 
the number of grain entrainments (movements) per unit area and time of 
observation; however, N in equation 3-5 does not have units once the values of A 
and t are introduced, although its value remains intrinsically associated to the 
combination of A and t. 
 
Equations 3-4 and 3-5 only provide a value of N for a sediment bed composed of 
a single particle size. Wilcock (1988) modified equation 3-4 to include graded 
material, using D65 as the representative diameter of the bed mix. The minimum 
number of particle movements Ni of class i was defined as AmN ii ⋅= , with 
2
iii DfXm = , fi = proportion of class i on the bed surface, Di = diameter of size 
class i, and 65
2
6565
fDmX D ⋅= , tNm DD ⋅= 6565 ; with 65DN  obtained by applying 
equation 3-5 using D65.  
 
In the present thesis, the application of equation 3-5 to the uniform and near-
uniform gravels (D = 4.8 mm) and Wilcock’s (1988) method to the sand-gravel 
mix (D50 = 6.6 mm, D65 = 7.5 mm and fD65 = 0.4) over an area A = 150 x 150 mm
2 
and recording time t = 180 s resulted in threshold numbers of grain movements 
of N = 10 and N = 4 respectively. 
 
 
 
 
 
 
 
 
 
 
Fig. 3-22. Example of estimation of critical flow using exponential line fitting. 
 
The relationship between flow and N could typically be represented by an 
exponential equation. The intersection of the fitted line with the threshold 
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criterion provided an estimate of critical flow (Fig. 3-22). When several 
replicates of the same experiments were available the exponential trend line 
was fitted to the average number of particle movements of the corresponding 
replicates. 
 
3.4.6.2 Reference transport method (RTM) 
The estimation of the dimensionless bedload transport rate Wi
*, or q*bi, was 
based on three main elements: bedload transport rate qbi , shear stress τ  and 
bed surface composition of class i, fi. The equations used to estimate Wi
* and q*bi 
are as follows: 
( )
3
*
* 1
uf
qg
W
i
volbis
i
⋅
⋅−
=
ρρ
    Eq. 3-6 
( ) 3
*
1 issi
biw
bi
gDf
q
q
−
=
ρρρ
    Eq. 3-7 
where, ρs is the sediment and fluid densities respectively, qbivol = volumetric 
bedload transport rate, qbiw = mass bedload transport rate, fi = proportion of size 
class i on the bed surface, u* = bed shear velocity and Di = particle diameter of 
size class i. 
 
The bedload transport rate (kg/m/s) was calculated from the dry weight of each 
sample collected in the sediment trap divided by the sampling period (duration 
of flow step). Volumetric rates were calculated by dividing by the material 
density (2.54 x103 kg/m3). Bed shear stress was estimated using the relationship 
between flow and average flow depth in the flume obtained for the uniform flow 
settings (section 3.2.4). The depth-slope method (section 3.4.5.3) was used to 
calculate values of shear stress for each flow. The proportion of each size class 
on the bed surface was calculated from the image particle count results (section 
3.4.2).  
 
The calculated Wi
* (or q*bi) values were plotted against Shields parameter θ using 
logarithmic scales (Fig. 3-22). A complete data set for each experiment provided 
a series of approximately parallel lines of data that could be fitted by equations 
similar to those proposed by Shvidchenko et al. (2001) and Wilcock and Crowe 
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(2003) (with modified parameters as discussed in Chapters 4 and 5) (Fig. 3-23). 
The intersection of each fitted line with the corresponding reference transport 
rate (Wi
* = 0.002 – Parker et al., 1982a; q*bi = 10
-4 – Shvidchenko et al., 2001) 
provided a value of the entrainment threshold for each size class. The bed 
entrainment thresholds used for the assessment of the influence of antecedent 
conditions were those corresponding to the bed modal size class, which 
contained D50.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-23. Example of data plots for reference transport methods. A) Parker et al. (1982a) and, 
B) Shvidchenko et al. (2001). Note how the fitting lines for the RTM-P curve inwards following 
the data point trends for larger transport rates. 
 
Bedload samples were typically collected for the last two flow steps of the 
antecedent conditions phase and for each of the flow stages of the stability test 
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in order to maximise the number of data points both sides of the reference 
transport rate line (Fig. 3-23). Visual fitting was used to position the fitting lines 
by iterative adoption of an entrainment threshold, with increased weighting to 
the data range corresponding to the stability test. All values of τcr resulting from 
the reference transport method (in its two alternatives, i.e. RTM-P and RTM-S) 
presented here were obtained following this procedure. There is an argument for 
not including the data corresponding to the latter stages of the antecedent 
conditions based on the fact that conditions are not comparable among 
acceleration rates since the bed is evolving under different duration of flows. A 
sensitivity test of the results of τcr was undertaken for the full data set of Stage 
1 for all the bed size classes. This consisted of the re-estimation of the 
entrainment threshold stresses, by re-fitting the lines, considering only those 
flows equal or larger than Qref (31.5 l/s); thus, including only homogeneous flow 
steps and durations. Of the 89 shear stress values considered, only 2 of them 
changed, with differences between original and updated values within ±3% with 
respect of the original ones (these results relate to RTM-P). Therefore, the 
effect of the data points on the values of τcr is negligible. These results confirm 
the suitability of the methodology adopted and the appropriateness of the 
weighting applied to the stability test data. The values presented throughout 
this thesis correspond to the initially estimated ones. 
 
In order to obtain the parameters of the equations proposed by Shvidchenko and 
Pender (2000), Shvidchenko et al. (2001) and Wilcock and Crowe (2003), all data 
sets were collapsed by plotting Wi
* and q*bi against τ/τcr producing an 
approximate collapse onto a single line (Fig. 3-24). Values of the parameters 
were obtained after reiteratively visually optimising the fit. Visual fitting of this 
type of curves has been previously used by others, including the technique’s 
authors (eg. Shvidchenko et al., 2001; Saadi, 2002; Wilcock and Crowe, 2003), as 
the method requires a degree of judgement due to the wide range of transport 
rates and the bias towards reducing errors of the large transport rates 
introduced by least-square error fitting. Thus, it is noted that the results and 
parametisation have a degree of subjectivity. Chapter 5 shows the final 
parameters used. 
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Fig. 3-24. Collapsed dimensionless transport rate data and fitting of equations developed. 
 
3.5 Experimental programme 
A total of 76 experiment runs (Table 3-12, Appendix 2) were undertaken for this 
thesis. They can be divided in three main series depending on equipment 
available and experimental complexity: 
1) Preliminary analysis of the effect of antecedent conditions using a near-
uniform gravel (Pilot Runs). These were based on particle movement 
counts only 
2) Flume experiments using a unimodal sand-gravel mix, these were further 
sub-divided in Stage1 and Stage 2 as means of studying the separate 
effects of flow magnitude and time exposure. Both particle entrainment 
counts and bedload samples were available. 
3) Repetition of Pilot Runs with steeper slope and collecting particle 
movement counts and bedload samples simultaneously.  
 
In addition to particle movement count, bedload samples and bed surface 
composition data (complete runs), velocity data was also collected. Since the 
time necessary to obtain a full velocity data profile (30-45 min.) was 
incompatible with the short duration of the successive increase of flows used in 
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the experiment runs, additional partial experiments were carried out whenever 
velocity data was required. These consisted of the repetition of the run until the 
flow required was achieved, collecting velocity data and stopping the 
experiment when finished. No other data (eg. bed surface composition or 
bedload) were collected during these partial experiments. These replicates of 
the runs have implicitly associated the correspondence of the conditions 
recorded in the complete runs with velocity data recorded for the partial runs. 
Table 3-12 below contains a summary of the experiment series and the data 
collected in each of them. Appendix 3 contains a full list of the experiment run 
characteristics and hydraulic conditions. 
 
Series Slope 
Grain size 
range (D50) 
(mm) 
Duration of 
acceleration 
rates (h) 
Data 
collected 
Experiment 
no. 
Pilot Runs (near-uniform gravel) 
Complete run 1/200 2-8 (4.8) 0.5, 1, 2, 4, 6 PMV [1] to [18] 
Partial run 1/200 2-8 (4.8) 0.5, 1, 2, 4, 6 ADV [19] to [30] 
Unimodal mix 
Stage 1      
Complete run 1/150 1-16 (6.6) 
0.5, 1, 2, 4, 6, 
10 
BIW, BIUV, 
BLS, PMV 
[31] to [49] 
Partial run 1/150 1-16 (6.6) 0.5, 2, 6 ADV [50] to [54] 
Stage 2      
Complete run 1/150 1-16 (6.6) 0.5, 1, 2, 6 
BIW, BIUV, 
BLS, PMV 
[55] to [66] 
Uniform gravel 
Complete run 1/150 4-5.6 (4.8) 0.5, 2, 6 BLS, PMV [67] to [75] 
Partial run 1/150 4-5.6 (4.8) 0.5, 2, 6 ADV [76] to [79] 
BIW: bed images (white light); BIUV: bed images (UV light); BLS: bedload sample; PMV: particle 
movement video; ADV: velocity data using ADV. 
Table 3-12. Summary of experimental runs and data collected in each group. 
 
3.5.1 Data sampling scheme 
The four main data sets collected were (Table 3-12): (1) Bed particle movement, 
(2) bed surface composition, (3) bedload samples amounts and composition and , 
4) velocity data. Bed particle movements were recorded in video (3.4.1) of 
intermittent segments of 3 minutes at the beginning of each flow period 
monitored. Photographs of the bed surface (UV and white light) were taken 
immediately after video recording, taking approximately 30 seconds for each of 
the four locations (3.4.3). Bedload collection was continuous, with systematic 
replacement of the collection box at the end of each flow stage (section 
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3.2.2.3), thus, ensuring the full collection of the material transported during the 
specific flow duration. In the case of Stages 1 and 2, the entire cycle of data 
collection for each flow took 5-6 minutes. As mentioned above, obtaining 
profiles of velocity data required specific partial runs for which only such data 
was collected at the specified discharge. Appendix 3 contains details of flow 
steps and sampling sequences. 
 
3.5.1 Definition of hydrographs 
The test hydrographs used in this study can be divided in two main components:  
• Antecedent conditions and,  
• Stability test 
 
Antecedent conditions were defined by increasing flows contained between a 
certain initial low flow Qini and what is here called target flow Qt. This initial low 
flow (approx. 1/3 of critical flow for the bed) was run for 30 minutes as a 
common settling period to eliminate air pockets and the influence of the bed 
preparation procedure. The target flow was the maximum flow reached in the 
antecedent conditions, and had three possible values: Reference flow Qref, 
defined as the critical entrainment flow of the bed when subject to no 
antecedent conditions; and QL and QH, target flows that were 8% lower and 
higher than Qref respectively (section 4.2.1.2). This ±8% is the result of a 
compromise between a meaningful change of Qref and avoiding overlapping with 
the flow steps already established for Stage 1. Once the target flows were 
defined, the acceleration rates of the antecedent conditions were determined 
by a range of durations: 0.5, 1, 2, 4, 6 and 10 hours. The maximum duration was 
limited by the ability to complete a full experiment without running the flume 
overnight. The lines joining Qini and Qt separated by the specified durations 
provided the theoretical antecedent conditions and the acceleration rates (Fig. 
3-25). These idealised continuously increasing flows were in practical terms 
segmented into a series of steady flow steps, each under uniform flow 
conditions.  
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Fig. 3-25. Sketch of test hydrographs 
 
 
Near-uniform 
gravel 
(Pilot Runs) 
Unimodal 
sand-gravel 
(Stage 1) 
Unimodal 
sand-gravel 
(Stage 2, L) 
Unimodal 
sand-gravel 
(Stage 2, H) 
Uniform 
gravel 
Bed slope 1/200 1/150 1/150 1/150 1/150 
Qini 12.7 12 12 12 12 
Qref, 35.6 31.5 - - 29.2 
QL - - 29 - - 
QH - - - 34 - 
Qmax 56 50 50 50 50 
Antecedent conditions 
No. of steps (1) 24 6 6 6 6 
Flow step ( l/s) 0.93 3.25 2.8 3.7 2.9 
Duration of step 
(min.)(2) 
1.25, 2.5, 5, 
10, 15, - 
6, 12, 24, 48, 
72, 120 
6, 12, 24, -, 
72, - 
6, 12, 24, -, 
72, - 
6, -, 24, -
, 72, - 
Stability test 
No. of steps 8 4 4 4 4 
Flow step ( l/s) 3.2 5 5 5 5 
Duration of step 
(min.) 
4 6 6 6 4 
(1) The number of flow steps for Stages 1 and 2 and the uniform gravel experiments were 
reduced in order to increase their duration and have sufficient time to sample bed surface 
composition and bedload. 
(2) Durations correspond consecutively for AccRate1, AccRate2, AccRate3, AccRate4, AccRate5, 
and AccRate6 (L or H where applicable). 
 
Table 3-13. Summary of key flows used for the definition of test hydrographs and acceleration 
rates. 
 
The stability test was conceptually the same for all experiments. A series of 
increasing flows of fixed duration that produced general mobility of the bed for 
the largest flow magnitudes. The duration of the stability test for the Pilot Runs 
0.5 1 2 4 Time (h) 
Q 
Qini 
Qt 
Qmax 
6 
Settling period 
Accelerating flows, 
Antecedent conditions 
Stability test 
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and uniform gravel experiments was 4 minutes; whereas the corresponding 
duration for Stages 1 and 2 was 6 minutes. This difference was due to the longer 
data collection period required for the sand-gravel bed that involved 
photographing the bed surface. Flows for the stability test ranged from Qref, to a 
maximum flow that ensured bed mobilisation, Qmax (Fig. 3-25). Table 3-13 shows 
a summary of the main characteristics of all the hydrographs used in this 
research. Extended information on Stages 1 and 2 and uniform gravel tests is 
presented in Appendix 3. 
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4 Experimental results 
As documented in Chapter 3, three bed compositions were used: a near-uniform 
gravel, a unimodal sand-gravel mix, and a uniform gravel. This sequence 
corresponds to both the time line of the research work and the level of 
complexity of the experiments and analyses. The same structure is followed in 
this chapter for the presentation of results. 
 
4.1 Near uniform gravel: Pilot Runs 
4.1.1 Bed configuration and summary of procedure 
The flume bed was set-up as follows: the most upstream section of bed (1.5 m) 
was made of coarse gravel (D50 = 12 mm) to ensure rough turbulent flow. The 1 
m2 test section contained a very well sorted gravel (Hoey, 2004) (D50 = 4.8 mm, 
σg = 1.45) and was located between 4 m and 5 m from the flume inlet. The 
remainder of the bed comprised gravel fill of D50 = 7.5 mm. The bed slope was 
set at 1/200 and the sediment bed depth was approximately 40 mm.  
 
Experimental variables are shown in Table 4-1. Each experiment followed a 
similar procedure of flooding, settling period, antecedent conditions and 
stability test (section 3.5). 
“This river will teach you 
everything you need to learn…” 
- James F. Twyman. 
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Name Duration 
Acceleration  
rate  
Range of  
flows  
Range of  
depths  
 (h) ( l/s/s) ( l/s) (mm) 
Reference(1) 0 --- 11-56 37.5-93.1 
AccRate1 0.5 0.0129 9-56 34.4-93.1 
AccRate2 1 0.0064 10-57 36.0-94.1 
AccRate3 2 0.0032 10-57 36.0-94.1 
AccRate4 4 0.0016 9-56 34.4-93.1 
AccRate5 6 0.0011 9-56 34.4-93.1 
(1)
 This series included incremental flows in order to find the reference threshold flow. 
Table 4-1. Summary of experimental runs for the near-uniform gravel 
 
Critical flow of the bed with no antecedent conditions was estimated by fitting 
an exponential curve to particle movement data averaged for four replicates. 
The intersection of the fitted line with the criterion of N = 10 movements 
provided a critical flow of Qref = 35.6 l/s for the bed. Values of the individual 
replicates ranged from 34.5 to 39.6 l/s. Five acceleration rates were applied to 
the bed, ranging from 0.0011 l/s/s to 0.0129 l/s/s, corresponding to antecedent 
durations of 6h to 0.5h, respectively, between the end of the bedding-in phase 
and a target flow Qt = Qref (Table 4-1). Three repetitions of each acceleration 
rate run were undertaken, determining the new threshold flow using the same 
procedure as Qref. 
 
The bed shear stress values at entrainment were calculated from measured 
velocity profiles in the centre of the flume over the test area, for each of the 
new critical flows. These data were obtained from additional repetitions (x2) of 
the experiment runs carried out until the new threshold flow was reached, at 
which velocity u data was collected, stopping the experiment immediately 
afterwards, as the velocity sampling phase introduced inadequate duration of 
flow exposure to the bed. A Nortek 3D Vectrino velocimeter (ADV) was used to 
measure velocity at 7 or 8 heights between 0.09 to 0.95 z/h, with z = distance 
from the bed and h = water depth. The logarithmic profile expression of 
equation 2-8 was used to estimate the value of shear velocity u*; with d = 0.2 ks 
(Graf, 1998), ks was equal to D50 = 4.8 mm and κ = 0.4. Shear stress values were 
obtained using 
2
*u⋅= ρτ . The velocity data is contained in Appendix 7. The 
velocity data were averaged for the two repetitions before estimating u*; 
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between-repetition differences of u were minimal (typically, within ±2% of the 
average value). 
 
4.1.2 Results 
Particle movements increase rapidly with increase in discharge, with trends well 
represented by exponential curves (Fig. 4-1). Repeatability is shown by the 
vertical error bars, which define the range of values obtained for the three 
repetitions. Absolute values of the range limits generally increased with flow 
magnitude, although the ratios given by the range maximum and minimum 
generally decreased with higher flows (Fig. 4-2). Critical flows were obtained 
after averaging grain detachments for the three repetitions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-1. Number of observed grain movements as a function of flow for near-uniform gravel 
bed. A) Reference; B) AccRate1; C) AccRate2; D) AccRate3; E) AccRate4; F) AccRate5. 
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Fig. 4-2. Ratios of range (max/min) of the particle count scatter. 
 
In general, resistance to entrainment increases with the length of exposure to 
increasing flows (smaller acceleration rates), from τcr = 4.07 Pa for no 
antecedent conditions to τcr = 6.70 Pa for the 6h run; with very similar values for 
the two longest durations, τcr = 6.96 Pa and τcr = 6.70 Pa for 4 and 6h 
respectively, (Table 4-2). Data from AccRate2, whose critical flow is lower than 
that for AccRate1, are inconsistent with the overall trend. The correlation 
coefficient of the best-fit exponential curve, R2, of AccRate2 is the lowest in all 
cases. Additionally, Fig. 4-1C shows that the particle movement data have the 
same average values for three consecutive flows N = 12 (circled data points). 
This is likely to affect the entrainment data obtained and may explain the 
smaller values of Qcr and R
2 for this particular duration.  
 
Series 
Duration of 
increasing flows (h) 
Qcr (l/s) Qcr/Qref τcr (Pa) u*/u*ref 
Reference - 35.6 1 4.07 1.00 
AccRate1 0.5 40.8 1.15 5.48 1.16 
AccRate2 1 38.8 1.09 5.18 1.13 
AccRate3 2 42.5 1.19 6.63 1.28 
AccRate4 4 45.1 1.27 6.96 1.31 
AccRate5 6 44.9 1.26 6.70 1.28 
 
Table 4-2. Summary of results using averaged particle movements. 
 
Data in Fig. 4-1 suggests that the antecedent conditions delay the onset of full 
transport conditions until higher discharges, shown by the general horizontal 
displacement of the exponential curve along the x-axis, with values of critical 
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bed shear stress increasing by over 20% when durations are increased from 0.5h 
to 6h. This is also shown by the reduction of particle movements at the same Qref 
with increasing hydrograph duration (Fig. 4-3), where the initial N = 10 
decreases to N = 3 for the 6h run. 
 
 
 
 
 
 
 
 
 
Fig. 4-3. Reduction of particle movements at the reference critical flow with increasing 
antecedent flow duration. 
 
 
 
 
 
 
 
 
 
 
Fig. 4-4. Ratio of new critical flow (Qcr) to reference critical flow (Qref) with flow duration for 
each of the three repetitions undertaken. Values obtained from fitting exponential curve to 
average N data are shown in Table 4-2. 
 
The effect of the acceleration rates and flow durations can be assessed using the 
ratio Qcr/Qref obtained for each acceleration rate (Fig. 4-4). Compared to Qref, 
all the runs that include antecedent flows lead to an increase of critical flow and 
shear stress. Critical flow values increase by over 26% over Qref for the two 
lowest acceleration rates 0.0016 and 0.0011 l/s/s (Table 4-2). In general, data 
indicates an inverse relationship between critical flow and acceleration rates; 
i.e. beds subject to higher acceleration rates have lower flows and shear 
1
1.1
1.2
1.3
1.4
0 1 2 3 4 5 6 7
Duration of antecedent conditions (h)
R
at
io
 
Q
cr
/ Q
re
f  
 
 
 
.
AccRate1
AccRate2
AccRate3
AccRate4
AccRate5
From average data
0
2
4
6
8
10
12
0 2 4 6
Duration of antecedent conditions (h)
Pa
rt
ic
le
 
m
o
ve
m
en
ts
 
at
 
 
Q
re
f  
 
 
 
 
 
 
.
 Chapter 4. Experimental results 
123 
stresses at entrainment than those subjected to longer periods of increasing 
flows (Table 4-2). Fig. 4-4 demonstrates that the positive correlation between 
Qcr/Qref and duration progressively weakens for longer durations. This suggests 
convergence to an upper limit of antecedent-generated stabilisation for 
durations between 4h and 6h (acceleration rates 0.0016-0.0011 l/s/s). 
 
4.1.3 Discussion 
Data show a positive relationship of entrainment thresholds with the duration of 
sub-threshold flows (longer rising limbs), with an apparent limit to the stability 
achieved by antecedent conditions (45 l/s approximately). Paphitis and Collins 
(2005), using the visual method for estimating entrainment conditions, also 
found the bed entrainment threshold increased with the duration of the sub-
threshold flow exposure. They recorded an increase of shear velocity at 
etrainment of up to 27%, very similar to the reported increase of entrainment 
flows (26%). 
 
The potential deficiencies of the visual method have been documented (Wilcock, 
1988; Buffington and Montgomery, 1997), so precautions were taken to minimise 
uncertainties and operator errors (section 3.4.1). The variability of the 
determination of entrainment using the visual method was already highlighted 
by McEwan and Heald (2001), who linked this variability to the distribution of 
shear stresses. The data scatter between repetitions is linked here to the 
stochastic nature of particle movement, as spatial variability of granular 
displacements is related to flow turbulence and the protrusion, orientation and 
exposure of individual particles (Miller et al., 1977; Carling et al., 1992). 
Bottacin-Busolin et al. (2008) showed that particle movements correlated to 
changes in the flow velocity field and that particle movements were closely 
related to streamwise velocities. Thus, since flow turbulence is more intense for 
higher flows, flows may produce different movement counts between runs of the 
same experiment, as local turbulence differ from run to run, affected in turn by 
the bed surface topography and composition (Carling et al., 1992; Papanicolaou 
et al., 2001; Carollo et al., 2005), which are randomly reset for each repetition. 
Increased scatter of counts for higher discharges may also be caused by collisions 
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between transported particles and those still on the bed, which was noted 
during counting, where moving particles impacted others which were then 
entrained. Grain impacts were also reported by Drake et al. (1988). Therefore, 
scatter shown by the data was mainly related to the physical processes and not 
to the experimental procedure or operator error (see section 3.3.8). Although 
certain scatter due to miscounting may be expected for large values of N, the 
scatter presented and discussed above refers to between-runs variability not 
within the same experiment. 
 
Support for these findings is provided by previous studies. Saadi (2002) used 
similar test hydrographs to those applied here (for a bimodal sand-gravel 
mixture - D50 = 5.2 mm σg = 3.45) with flow accelerations of 0.0031, 0.0016 and 
0.0010 l/s/s, followed by a common 3h receding flow phase. Two of these 
acceleration rates are very similar to those used in this study (0.0016 and 0.0011 
l/s/s, Table 4-1). Saadi’s (2002) results showed a decrease of transport rate with 
antecedent flow duration (lower acceleration rates) which could be associated 
with increased bed resistance. Paphitis and Collins (2005) tested the influence of 
the magnitude and duration of constant antecedent sub-threshold flows (no 
acceleration rates were considered) on bed threshold using Yalin’s criterion and 
sand-sized sediment. The results presented in this thesis show a similar trend to 
Paphitis and Collins (2005) (Fig. 4-5): an increase of the critical threshold with 
antecedent flow duration and a slight decrease for the longest durations.  
 
 
 
 
 
 
 
 
 
Fig. 4-5. Ratio of critical shear velocity with flow duration. Paphitis and Collins (2005) data 
(maximum and minimum) for 95% pre-threshold velocity included. 
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Although Paphitis and Collins (2005) used much finer sediment (0.194-0.774 mm) 
and shorter durations (5-120 min.), their largest increase in critical shear 
velocity, of around 25-30%, is similar to that obtained in the work presented 
here (around 25%, Table 4-2). In their work using constant flows Monteith and 
Pender (2005) and Haynes and Pender (2007) also reported increased bed 
stability with duration of sub-threshold flows. Their work used graded bed 
material, where the influence of hiding was suggested in partial explanation, the 
increase of bed stability with longer antecedent durations was also linked to 
packing density and stronger imbrication. The results presented here also 
indicate that there is a convergence of the data to a maximum limit of 
antecedent-linked stability, with similar threshold values for 0.0016 l/s/s (4h 
duration) and 0.0011 l/s/s (6h duration). This is in agreement the concept of a 
maximum critical flow suggested by Haynes and Pender (2007).  
 
The results presented here demonstrate the effect of antecedent conditions on 
non-cohesive granular beds, specifically, on near-uniform gravel. However, bed 
compositions of natural rivers include large variety of sizes and therefore, 
findings based on uniform gravel may not be applicable to them (Carling, 1983; 
Bathurst, 2007; Recking, 2010). The study by Haynes and Ockelford (2008) 
underlines the need to analyse granular beds with different grain size 
distributions. Thus, the next series of experiments continued the investigation of 
the impact of sub-thresholds antecedent conditions on natural beds. 
 
4.2 Unimodal sand-gravel bed: Stages 1 and 2 
4.2.1 Reference critical flow and test hydrographs 
The estimation of the critical discharge of the sand-gravel bed subject to no 
antecedent conditions was required for the creation of test hydrographs. A 
series of increasing flows, from 15 l/s to 50 l/s (τ = 2.41-4.74 Pa) in steps of 6 
minutes duration were applied to the bed. Particle movement measurements 
and bedload samples were taken at each step. 
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4.2.1.1 Stage 1 
Typically, two repetitions of each acceleration rate were carried out. In the case 
of the determination of Qref for Stage 1, the critical shear stresses determined 
from the first two repetitions were considerably different (Table 4-3); and an 
additional run was carried out. The critical flow value for this third repetition 
was nearly identical to the value for repetition 2 (Table 4-3), and thus, the first 
run was discarded. It is possible that the bed preparation procedure produced an 
unusually unstable bed in the first case, explaining this discrepancy of 
entrainment values. Variability of experimental results, in terms of entrainment 
thresholds, was anticipated; nonetheless, the consistency of the values of Qref 
obtained for the last two repetitions supports the procedure followed. Carrying 
out a higher number of repetitions for each experiment would assist in the 
definition of the range of variability to be expected and presence of outliers in 
experimental work similar to the one described in this thesis. However, multiple 
repetitions are unusual in laboratory work, with single runs being frequent 
(Wilcock and McArdell, 1993; Shvidchenko et al., 2001; Saadi, 2002) and clearly 
unattainable in field work. Thus, the three runs carried out here are sufficient. 
 
Repetition 
Criterion 
R1 R2 R3 
Shvidchenko et al., 2001 31.3 (3.62) 37.7 (4.03) 38.4 (4.07) 
Parker et al., 1982 20.6 (2.85) 31.8 (3.65) 31.1 (3.60) 
Yalin (1977) 21.9 (2.95) 27.9 (3.38) 28.3 (3.41) 
Table 4-3. Summary of initial entrainment thresholds for Stage 1. Main figures are flows (l/s), 
shear stress (Pa) in brackets. 
 
A consistent methodology and entrainment criterion was necessary to define 
critical flows and define the test hydrographs. Observations of particle 
movements suggested an entrainment threshold in the region of 30 l/s. This was 
similar to those using Parker’s (RTM-P) and Yalin’s (VM) methods, whereas 
critical flows determined using Shvidchenko et al.’s (2001) method (RTM-S) were 
considerably higher. Entrainment thresholds determined from physical sampling 
of bedload material were considered by the author of this thesis more robust 
and reliable than visual observation of individual particle movements whose 
random character affects the results (see section 4.1). The value of critical flow 
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based on VM is inherently variable due to the small number of grain 
displacements (N = 4) used to define bed mobility. Therefore, Parker et al.’s 
(1982a) method is used to determine the entrainment thresholds, although both 
VM and RTM-S thresholds were determined throughout the experiments. The 
average critical flow from repetitions 2 and 3 of RTM-P provided the adopted 
value of Qref = 31.5 l/s for the unimodal bed. Test hydrographs were then 
constructed following the guidelines in 3.4.11. The resulting acceleration rates 
are shown in Table 4-4. 
 
 Stage 1 Stage 2 
Qt ( l/s) 31.5 34 29 
Duration (h) Series 
AccRate 
(l/s/s) 
Series 
AccRate 
(l/s/s) 
Series 
AccRate 
(l/s/s) 
0.5 AccRate1 0.01083 AccRate1H 0.0122 AccRate1L 0.0094 
1 AccRate2 0.00542 AccRate2H 0.0061 AccRate2L 0.0047 
2 AccRate3 0.00271 AccRate3H 0.0031 AccRate3L 0.0024 
4 AccRate4 0.00135     
6 AccRate5 0.0009 AccRate5H 0.0010 AccRate5L 0.0008 
10 AccRate6 0.00054     
Table 4-4. Summary of characteristics of test hydrographs for Stage 1 and Stage 2 
 
A later review of the RTM methodology, after the Stage 1 runs had been 
completed, confirmed the value of Qref previously determined, providing a value 
of Qref = 30.7 l/s for RTM-P. This figure is only about 2.5% smaller than the 
original 31.5 l/s and within the variability expected in the measurements. Since 
Qref only applies to the very last stage of the antecedent conditions phase, the 
effect of the reviewed Qref on flow history is negligible. Thus, experiments 
continued to use Qref = 31.5 l/s. 
 
4.2.1.2 Stage 2 
The test hydrographs in Stage 1 inevitably include two variables, the duration of 
the antecedent conditions and the target flow. In combination these provide the 
overall effect of antecedent conditions. Stage 2 was designed to separate the 
effects of time of exposure and flow magnitude. The same durations of 
antecedent conditions were applied with discharges slightly larger and smaller 
(H and L) than the reference. This approach was based on the hypothesis that 
test hydrographs with higher target flows would result in larger effects on the 
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bed composition/structure and bed entrainment flows than those with the lower 
target flow. Hydrographs for Stage 2 were constructed using 4 of the durations 
tested in Stage 1 (0.5, 1, 2 and 6h) and target flows defined as ±8% of Qref (QH = 
34 l/s, QL = 29 l/s). These values were symmetrical over Qref without overlapping 
the last flow step of the flow history (28.3 l/s) and the first one of the stability 
test (35 l/s). The resulting acceleration rates were then slightly higher and lower 
than those of Stage 1 (Table 4-4). Appendix 3 contains details of the test 
hydrographs. 
 
4.2.2 Entrainment threshold results 
4.2.2.1 Stage 1 
Results using all three methods for determining critical flow are presented, 
although, as discussed earlier, results using the RTM-P method form the basis for 
the calculations and assessments presented here. Critical flows using all three 
criteria for all experiment runs of Stage 1 are in Appendix 4. These use the 
modal size class (5.6-8 mm), which contained D50. Appendix 4 also shows critical 
bed shear stress values for all size fractions (RTM-P only). Data for the visual 
method (Yalin, 1977) in Appendix 4 is given for each repetition after fitting an 
exponential line to the particle movement data for comparison with RTM results. 
The methodology followed for the visual method was the same as the one 
presented for the Pilot Runs (section 4.2). The calculated critical flows (Table 
4-5; Fig. 4-6) indicate that the bed becomes more resistant to entrainment with 
increasing antecedent durations up to around 2h (using RTM data), with bed 
entrainment thresholds decreasing for longer durations (and lower acceleration 
rates; Fig. 4-7). The increase of the duration of the antecedent conditions from 
2h to 6h reduces critical flow by over 16%. 
 
 Duration (h) AccRate ( l/s/s) Qcr ( l/s) τcr (Pa) 
AccRate1 0.5 0.0108 29.5 3.49 
AccRate2 1 0.0054 27.8 3.38 
AccRate3 2 0.0027 30.7 3.58 
AccRate4 4 0.0014 30 3.53 
AccRate5 6 0.0009 26.5 3.29 
AccRate6 10 0.0005 25.7 3.23 
Table 4-5. Summary of flow entrainment thresholds (Qcr and τcr) for Stage 1 
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Fig. 4-6. Relationship of entrainment thresholds with antecedent durations for Stage 1. Parker 
et al.’s (1982a) Reference Transport method (RTM-P); Shvidchenko et al’s. (2001) Reference 
Transport method (RTM-S); Yalin’s (1977) Visual method of (VM). 
 
 
 
 
 
 
 
 
 
 
Fig. 4-7. Relationship of entrainment thresholds with acceleration rates for Stage 1. See Fig. 4-6 
for legend details. 
 
In general the three threshold criteria used show consitent trends, although the 
actual values differ. Bed shear stress values using the RTM-S are approximately 
15% larger than those by RTM-P throughout the acceleration rates, reflecting the 
more demanding threshold set by Shvidchenko et al. (2001). As both criteria are 
based on the same bedload samples, these differences are a consequence of the 
thresholds proposed by the authors. Indeed, Shvidchenko et al. (2001) already 
established the following relationship between critical Shields parameters (θcri): 
θcriParker = 1.20θcriShvidchenko
1.09. This relationship was confirmed by the 
present work, where data for Stage 1 and Stage 2 resulted in a similar 
expression: θcriParker = 1.24θcriShvidchenko
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also indicate a progressive bed strengthening with duration up to 4h, with a 
decrease of bed stability after a maximum is reached for this duration. However, 
the reduction of bed shear stress is smaller than that shown by RTM data with a 
ratio of the maximum over minimum shear stress of 0.94 for the VM and 0.9 for 
both RTM-P and RTM-S. Also, the largest critical shear stress obtained by the 
visual method corresponds to duration of 4h as opposed to 2h found using both 
reference transport methods. The reason for these discrepancies is unclear but it 
is speculated that are due to intrinsic methodological issues. These are discussed 
further in this chapter. 
 
4.2.2.2 Stage 2 
Entrainment threshold data for Stage 2 (Table 4-6, Fig. 4-8 and Fig. 4-9; 
Appendix 4) show a very similar pattern to the Stage 1 results. There is a 
progressive increase of critical shear stress with duration of antecedent 
conditions, reaching a maximum of τcr = 3.5 Pa (RTM-P) at 2h, with a decrease 
for longer durations (τcr = 3.1-3.2 Pa for 6h). As in the case of Stage 1, both RTM-
P and VM methods show similar trends, in this case coinciding over the range of 
durations for which the bed is most stable (around 2h). RTM-S data is 
approximately 15% larger than RTM-P throughout the range of acceleration rates, 
which is consistent with the data obtained in Stage 1. 
 
 Duration (h) AccRate ( l/s/s) Qcr ( l/s) τcr (Pa) 
AccRate1H 0.5 0.0122 25.8 3.23 
AccRate1L 0.5 0.0094 25.9 3.24 
AccRate2H 1 0.0061 29.0 3.46 
AccRate2L 1 0.0047 28.9 3.46 
AccRate3H 2 0.0031 29.6 3.50 
AccRate3L 2 0.0024 27.1 3.33 
AccRate5H 6 0.0010 24.4 3.13 
AccRate5L 6 0.0008 25.2 3.19 
Table 4-6. Summary of flow entrainment thresholds (Qcr and τcr, based on RTM-P) for Stage 2. 
 
The data on the effect of target flow Qt on bed stability are inconclusive as 
values of τcr do not display a consistent pattern (Fig. 4-10). Critical stresses for 
series QH and QL for RTM-P are nearly identical in most cases (Fig. 4-8), which 
limit the assessment of the impact of flow magnitude on entrainment. It is 
possible that the target flows set for AccRatesH and AccRatesL (QH and QL), 
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whose differences reduce progressively as the flow steps approach the minimum 
flow Q = 12 l/s, were insufficient to cause a distinct effect on the bed, and 
consequently, on entrainment thresholds.  
 
 
 
 
 
 
 
 
Fig. 4-8. Comparison of τcr obtained using RTM-P and VM methods. RTM-S data is not shown to 
improve clarity of the plot, with values from RTM-S approximately 15% higher than those from 
RTM-P. 
 
 
 
 
 
 
 
 
 
Fig. 4-9. Comparison of τcr obtained using RTM-P and VM. RTM-S data is not shown, see caption 
in Fig. 4-8 for explanantion. 
 
 
 
 
 
 
 
 
 
Fig. 4-10. Effect of target flows on entrainment.Legend nomenclature corresponds to the 
acceleration rate run shown in Table 4-6 followed by the repetition number after the dash. 
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The comparison of results for Stage 1 and Stage 2 shows a similar relationship 
between acceleration rates and bed stability (Fig. 4-11). The two data sets 
display ranges of critical bed shear stress between 3.1 Pa and 3.6 Pa 
approximately, with maximum values for acceleration rates between 0.004 and 
0.006 l/s/s. However, data also show larger scatter between experiments of the 
same acceleration rates for Stage 1 than Stage 2. Nonetheless, values of τcr 
confirm similar behaviour of the bed under the tested sub-threshold antecedent 
conditions. 
 
 
 
 
 
 
 
 
 
Fig. 4-11. Comparison of critical bed shear stresses obtained using the RTM-P method for Stages 
1 and 2. 
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values and bed surface composition. This section will present and discuss the 
possible link between bed stability and bed size composition and evolution. The 
main hypothesis was: the variation of bed stability may be related to changes of 
bed surface composition during exposure to sub-threshold flows, in which 
coarsening, fining or the presence or absence of certain grain sizes may affect 
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surface composition and entrainment thresholds is assessed in three ways: 
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• Bed surface grain size evolution and comparison between initial bed and 
bed at target flow (end of antecedent conditions), 
• Representative bed diameters (Dx) and sorting of the bed surface in 
relation to entrainment and, 
• Specific contents of coarse or fine grains and observed Qcr. 
 
The proportions of size classes in the bed surface (fi) initially and at the end of 
the antecedent period were analysed. This data set is too large and complex to 
be presented individually for each run so a reduced analysis is developed. 
Entrainment thresholds are related to the ratios of representative bed sizes, D16, 
D50, and D90, and sorting parameter σg for beds at target flow Qt (end of 
antecedent conditions) and initial beds (Fig. 4-12). Data are in Appendix 5.  
 
4.2.3.1 Bed evolution during antecedent conditions 
There is no apparent correspondence between the ratios of key bed particle 
diameters for post- and pre-antecedent conditions with critical flows for either 
Stage 1 or Stage 2 (Fig. 4-12). Changes of bed surface composition during the 
antecedent periods were minimal, with the majority of the ratios of particle 
diameters (D16, D50 and D90) pre- and post-antecedence ranging from 0.95 to 1.1.  
 
Bed surface compositions after antecedent periods were very slightly coarser 
than those of the initial beds, with ratios of both D90 and D50 generally larger 
than 1 (average ≈ 1.02, range = 0.95-1.1). Values of the ratio of D16 show the 
largest relative increase, with most data in the range > 1 and maximum ratio > 
1.1, indicating a loss of fines from the bed surface. This bed surface behaviour is 
also seen when average size distributions and key bed diameters for the initial 
bed and bed at the end of the antecedent conditions are compared (Fig. 4-13 
and Table 4-7). There is a reduction of the presence of sizes smaller than 4 mm 
(from 4.6% to 3.6%) and an increase of the sizes larger than 5.6 mm (on average, 
64.6% of bed surface composition is made up of grains larger than 5.6 mm for 
the initial bed and 69.9% for the bed after antecedent conditions) for Stage 1 
runs (Fig. 4-13); producing a slight coarsening of the entire size distribution 
(from D50 = 6.41 mm for the initial bed to D50 = 6.61 mm for the post-antecedent 
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conditions beds, ratio of 1.03), more pronounced for the finer classes, with the 
ratio of D16 for pre- and post-antecedent conditions of 1.06. Differences between 
bed compositions for Stage 2 are minimal, with all size ratios in the range 0.99-
1.03, suggesting very little bed evolution during the antecedent phase.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-12. Relationship between bed evolution and entrainment thresholds. Ratios refer to key 
diameters of beds after antecedent conditions were applied (beds at target flow Qt) and those 
for beds before accelerations rates were applied (initial beds). A) Stage 1, B) Stage 2. 
 
 
 
 
 
 
 
 
 
Fig. 4-13. Bed surface compositions of initial bed and bed at target flow Qt. Values shown are 
averaged fi of all runs. Error bars indicate range of results. A) Stage 1, B) Stage 2. 
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 Stage 1 Stage 2 
 Initial beds Beds at Qt Ratio Initial beds Beds at Qt Ratio 
D16 4.19 4.47 1.06 4.19 4.29 1.03 
D50 6.41 6.61 1.03 6.34 6.39 1.01 
D84 9.05 9.39 1.03 8.74 8.78 1.01 
D90 10.27 10.50 1.02 10.03 10.00 1.00 
σg 1.47 1.45 0.98 1.44 1.43 0.99 
Table 4-7. Average key sizes (mm) of beds pre and post antecedent conditions. Stage 1 and 
Stage 2. 
 
4.2.3.2 Relationship between Dx and critical flows 
Since the resistance of granular beds can be related to their size distributions 
(percentage of large and fine material), a possible relationship between bed 
resistance and bed surface size distribution was explored. The comparison of 
representative particle sizes Dx, (x = % of bed particles finer) and sorting 
( 1684 DDg =σ ) of beds pre and post antecedent conditions with entrainment 
thresholds did not show any noticeable correlation (Fig. 4-14 and Fig. 4-15). The 
range of Qcr appears unaffected by values of D16, D50 or sorting, with only values 
of D90 displaying a very weak positive relationship.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-14. Relationship between parameters 
of initial bed surfaces and entrainment 
thresholds. A) Stage 1, B) Stage 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-15. Relationship between bed surface 
representative sizes and sorting of bed at 
target flow Qt (end of antecedent 
conditions) and entrainment thresholds. A) 
Stage 1, B) Stage 2.
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4.2.3.3 Content of coarse and fine grains 
A positive correlation between bed stability and coarse fraction is expected as 
the abundance of large particles on the bed surface would strengthen the bed. 
The coarse fraction is represented here by D90, and is plotted against 
entrainment thresholds in Fig. 4-16. The data supports the above hypothesis but 
the correlations are very weak (R2 = 0.002 to 0.55). The lowest correlation 
associated with D90 at Qt for Stage 1 (0.002) is significantly improved to R
2 = 0.73 
when the apparent outliers are excluded (circled points in Fig. 4-16B). However, 
no indication of why these points might not follow the general trend was found. 
Nevertheless, there is no clear correlation of critical flows with coarse material. 
Fig. 4-17 shows the relationship between entrainment thresholds and changes in 
the abundance of fines in the bed surface (taken as D < 4 mm) during antecedent 
conditions. Results for Stage 1 suggest that there is a value of the ratio of fines 
of the Qt bed over the initial bed in the region of 0.8 for which critical flow is 
maximised; with both smaller and larger ratios leading to weaker beds. Although 
this would suggest a link between fine content and bed stability, results for 
Stage 2 are inconclusive.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-16. Relationship between coarse fraction (D90) and entrainment thresholds. A) Initial 
beds, B) Beds after flow exposure. 
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Fig. 4-17. Relationship between fines and entrainment threshold. Horizontal axis represents the 
ratio of the content of fines (D<4mm) of the bed at target flow Qt over the initial bed, as a 
measure of the evolution of fine content during the antecedent period. 
 
4.2.4 Bedload size composition 
Bedload size composition was assessed using values of pi/fi, with pi being the 
proportion of each size class in the bedload sample and, fi the proportion of the 
same size class on the bed surface. Due to the large data set generated for the 
individual runs; the analysis focuses on average values of pi and fi (Fig. 4-18).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-18. Average values of pi/fi for Stage 1 and Stage 2. Note that values of pi =0 for the size 
classes < 2mm for most of the bedload samples; thus, data is not plotted. 
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Values show that there is a significant variability of pi/fi at low flows. Data for 
all size classes cross pi/fi = 1 at lower flows, appearing to stabilise for flows 
larger than approximately 30 l/s. This behaviour of the bedload composition may 
reflect the randomness of the entrainment process (Miller et al., 1977; Carling, 
1983, Andrews and Parker, 1987; Papanicolaou et al., 2002; van Rijn, 2007), 
especially at flows below threshold. As flows increase, the direct action of 
hydraulic forces come to dominate the entrainment process (Grass, 1970; 
Kirchner et al., 1990), stabilising the values of pi/fi (Kuhnle, 1992). The 
observed scatter of pi/fi for low flows may also be a consequence of sampling 
errors of pi at low transport rates (see section 3.2.2.3). The threshold of 
approximately 30 l/s for stabilisation of grain-size behaviour is close to the 
entrainment threshold of the bed (31.5 l/s). This correspondence may reflect a 
reduction of the stochasticity of entrainment and a more direct link between 
average flow magnitude and particle entrainment for flows similar or above Qref, 
stabilising values of pi/fi. 
 
For flows > 30 l/s general patterns of pi/fi can be described. For the 5.6-8 mm 
and 8-11.3 mm classes, pi/fi values were > 1 for the flow range 30-50 l/s, with 
values for 5.6-8 mm just above 1. These coarser classes are therefore over-
represented in the bedload relative to their abundance in the bed surface. The 
remaining grain sizes have ratios below 1, except the 2-2.8 mm size class in 
Stage 2. The proportion of the largest size class 11.3-16 mm in bedload remained 
considerably below 1, especially for low flows, confirming the expected low 
mobility of this particle size due to its submerged weight. 
 
Values of pi and fi for the two finest classes 1-1.4 mm and 1.4-2 mm were often 
0 and thus, could not be included in this analysis. However, the behaviour of size 
class 1.4-2 mm, together with the other particle sizes, can be indicatively 
studied by plotting values of pi/Fi , with Fi = composition of the bulk mix (values 
of Fi were larger than 0 for all size classes so pi/Fi provides information about 
the evolution of bedload size distribution without the effect of changes in 
surface composition fi). Fig. 4-19 shows the results. The behaviour of the finer 
size classes 1.4-2 mm, 2-2.8 mm and 2.8-4 mm is very similar: a progressive 
reduction of the values of pi/Fi with increasing flows up to 30 l/s approximately 
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(Kuhnle, 1992) and a levelling off for the remaining flows, reaching a state of 
pseudo-equilibrium during the stability test period.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-19. Average values of pi/Fi (Fi for the bulk mix) for Stages 1 and 2. 
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below the line = 1 due to the larger relative effect of a smaller average Dx. 
Ratios indicate that bedload samples were finer than the average bedload 
sample at the initial stages of the runs, becoming increasingly coarser with rising 
discharges. Once the entrainment flow was overcome, relative percentages of 
particles classes remained constant throughout the stability test. These results 
could be interpreted similarly to Powell et al. (2001), in the sense that size 
selectivity appears to be present for lower flows, approaching equal entrainment 
for larger flows (Parker et al., 1982b; Wilcock, 1992; Wilcock and McArdell, 
1997). However, the threshold for which this switch occurs is approximately τ/τcr 
≈ 1, much lower than the one reported in Powell et al. (2001) of τ/τcr = 4.5. 
 
 
 
 
 
 
 
 
 
Fig. 4-20. A) Evolution of representative bedload diameters with flow, and B) ratio of Dx at each 
flow stage over the average Dx for the entire run. Data for Stage 1 only. 
 
The observed fractional transport rates (pi/fi) can be related to grain mobility. 
Table 4-8 and Fig. 4-21 show the values of τcri/τcr50 in relation to the relative 
particle size Di/D50, with D50 = the average of the median sizes of the initial 
beds. All size classes except 5.6-8 mm and 8-11.3 mm have an average τcri/τcr50 
above 1; with τcri/τcr50 = 1 for size class 5.6-8 mm (as it contains D50) and τcri/τcr50 
< 1 for 8-11.3 mm reflecting the relatively higher mobility of this size class, 
(pi/Fi > 1). The smallest size classes show the largest scatter of τcri/τcr50 values, 
which may explain the unclear pattern showed by pi/fi values. 
 
 
 
 
 
2
4
6
8
10
12
0 10 20 30 40 50 60
Q (l/s)
Gr
a
in
 
s
iz
e
 
(m
m
)   
 
.
D16 D50 D90
0.8
0.9
1
1.1
1.2
0 10 20 30 40 50 60
Q (l/s)
D
x
/a
v
e
ra
ge
 
D
x
 
 
 
 
.
D16
D50
D90
B A 
 Chapter 4. Experimental results 
141 
 Stage 1 Stage 2 
Size class (mm) Di/D50 
(1) average τcri / τcr50 Di/D50 
(1) average τcri / τcr50 
1-1.4 0.19 - 0.19 - 
1.4-2 0.26 1.10 0.27 1.03 
2-2.8 0.37 1.03 0.38 1.01 
2.8-4 0.53 1.04 0.54 1.03 
4-5.6 0.75 1.04 0.77 1.03 
5.6-8 1.06 1.00 1.08 1.00 
8-11.3 1.50 1.00 1.54 0.98 
11.3-16 2.12 1.09 2.18 1.06 
(1) Di = arithmetic mean of size class. D50 for Stage 1 and Stage 2 were obtained as average D50 for 
each initial bed; hence, values of Di/D50 are slightly different for the two stages.  
Table 4-8. Average mobility values for each size class. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-21. Mobility of size classes in relation to average initial bed surface D50 for Stage 1 and 
Stage 2.  
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coarsest fraction (11.3–16 mm) is likely linked to its size and submerged weight 
(Parker and Klingemann, 1982; Wilcock and McArdell, 1997). 
 
4.2.5 Bedload quantities 
4.2.5.1 Bedload and flow acceleration rates 
Bedload rates qb were measured in kg/m/s by dividing the dry weight of the 
collected sample by the width of the sediment trap opening (0.45 m) and by the 
sampling period, which was the duration of the flow step for antecedent 
conditions (Appendix 6) or every 6 minutes within the stability test. A summary 
of all bedload transport rates is presented in Appendix 6. 
 
The relationship between average bedload rates, flows and acceleration rates is 
shown in Fig. 4-22. In general, solid transport rates increase with flow 
magnitude, although this pattern is less clear for Stage 2, possibly due to the 
effect of increased sample sizes due to air bubbles at low flows (section 
3.2.2.3). Data show that, within the same flume discharge, there is a reduction 
of bedload transport rates at acceleration rate 0.0027 l/s/s for Stage 1 and 
0.0031-0.0047 l/s/s for Stage 2. In both cases these are the acceleration rates 
that produce the most stable beds (section 4.2.2). This is consistent as more 
resistant beds will result in smaller transported material. Patterns appear more 
consistent when average bedload transport rates for the duration of the stability 
test are plotted against acceleration rates (Fig. 4-23). Values show that 
minimum rates (2e-3 - 3e-3 kg/m/s) correspond to acceleration rates 0.002-
0.004 l/s/s in Stage 1 and Stage 2 data sets. Data show that there are consitent 
results between these two experiment groups and that the combination of 
duration and target flow that produces an acceleration rate in the region of 
0.003 l/s/s results in the most stabe bed. Saadi (2002) also reported a reduction 
of bedload transport during the stability test for his intermediate duration of 
increasing flows (6h), with average transport rates of 0.0845, 0.3455 and 0.507 
g/m/s for durations 3, 6 and 9h respectively. He related these measurements to 
improved bed stability that the 6h experiment appeared to produce over the 
shorter and longer durations of flow exposure. 
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Fig. 4-22. Average bedload transport rates for each flow and acceleration rate. Vertical axes are 
in logarithmic scale 
 
 
 
 
 
 
 
 
 
 
Fig. 4-23. Average bedload transport rate during stability test periods for Stage 1 and Stage 2.  
Average transport rate defined as the total bedload weight collected during the stability test 
over the total duration of the stability test (24 minutes). Since the stability test is the same for 
all experiments in Stage 1 and Stage 2the data represent the effect of antecedent conditions on 
bed mobility. 
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Acceleration rate (l/s/s)
Tr
an
sp
o
rt
 
ra
te
 
(kg
/m
/s
)   
 
 
 
 
 
 
 
.
23.3 l/s 26.2 l/s 26.7 l/s 29 l/s 30.4 l/s
34 l/s 35 l/s 40 l/s 45 l/s 50 l/s
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Acceleration rate (l/s/s)
Tr
an
sp
o
rt
 
ra
te
 
(kg
/m
/s
)   
 
 
 
 
 
 
 
 
 
 
 
 
 
.
25 l/s 28.5 l/s 31.5 l/s 35 l/s
40 l/s 45 l/s 50 l/s
0.E+00
2.E-03
4.E-03
6.E-03
8.E-03
1.E-02
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Acceleration rate (l/s/s)
A
v
e
ra
ge
 
qb
 
 
(kg
/m
/s
)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.
Stage 1
Stage 2
 Chapter 4. Experimental results 
144 
 
A complementary analysis of this ratio of bedload transport in terms of shear 
stress is shown in Fig. 4-24. An increase of bed shear stress from 3.18 Pa to 4.71 
Pa (approximately 50% increase) produced bedload transport rates 2-3 orders of 
magnitude larger. Data in Fig. 4-24 also shows a clear hierarchy of bedload ratios 
with flow acceleration rates, with the ratios being consistently larger with lower 
acceleration rates.  
 
 
 
 
 
 
 
 
Fig. 4-24. Effect of flow acceleration rates on bedload transport rate as a function of bed shear 
stress. Stage 1. 
 
The effect of acceleration rates can be further explored by analysing total 
bedload transport during the stability test in relation to the critical bed shear 
stress obtained for each run. Since flow magnitudes and durations in the stability 
test are the same for all runs, this comparison is related directly to the influence 
of the antecedent conditions. The results (Fig. 4-25) show a reduction of the 
total bedload (kg/m) produced during the stability test with increasing critical 
bed shear stress, indicating increased bed stability. This implies that 
acceleration rates affect the bed during the antecedent periods and that these 
effects continue after entrainment occurs; with this effect persisting to the 
maximum flows tested, over 50% larger than Qref. Negative power laws fitted to 
the data show a better fit of Stage 2 data (R2 = 0.9) than Stage 1 values (R2 = 
0.65), although both exponential curves are very close to each other. The values 
of both data sets overlap, suggesting a common response of bedload to the 
tested antecedent conditions. 
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Fig. 4-25. Relationship between new entrainment threshold (bed shear stress) and total bedload 
(kg/m) during the stability test. 
 
4.2.5.2 Total bedload transport rates and bedload equation 
Fractional transport rates were used during the application of the reference 
transport methods for the estimation of τcr. Here, the total bedload amounts 
transported at each discharge are analysed. Fig. 4-26 shows that total bedload 
rates (kg/m/s) collapse into a approximately single curve when plotted against 
τ/τcr; with τ = bed shear stress and τcr = critical bed shear stress obtained using 
RTM-P for each run. The best-fit line shown in Fig. 4-26 has two components:  
qb = A (τ/τcr)
B for (τ/τcr) ≤ 1.3  Eq. 4-1 
qb = C (τ/τcr)+D for (τ/τcr) > 1.3  Eq. 4-2 
with qb = total bedload transport rate in kg/m/s, and the constants have the 
following values: A = 8.0x10-5; B = 16; C = 0.047 and D = -0.056. 
 
Parameter values were obtained after visual optimisation of the best-fit line for 
the full data set of Stage 1 and Stage 2 combined. This procedure avoids bias 
towards larger transport rates that would occur with automatic optimisation 
based on least-squares regression over several orders of magnitude (Ferguson, 
1986 and 1987; Walling and Webb, 1988) and reduces the effect of scatter and 
data outliers on the equation fit. A smooth transition between equations 4-1 and 
4-2 was also achieved by this procedure. Fig. 4-26 shows that the largest scatter 
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occurs around τ/τcr50 = 1, possibly due to instability of the bed close to the 
threshold.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-26. Collapsed bedload transport rates 
showing fitting of the proposed bedload 
equations. Total bedload measured in 
kg/m/s. Note the scatter around τ/τcr50 =1. 
When flows are clearly below 
threshold (τ/τcr50 < 0.8) there is very 
little particle movement and 
therefore little scatter of the data 
(narrower range of values). At the 
other end of τ/τcr50, when flows are 
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approximately), grain movement is 
dominated by the flow strength and 
therefore there is little scatter on 
the relationship between the 
bedload data and excess bed shear 
stress. Conversely, under near-
threshold conditions, particle 
mobility is more sensitive to flow 
turbulence and local grain 
characteristics such as imbrication, 
orientation and protrusion (Carling, 
1983; Andrews and Parker, 1987; 
Church et al., 1998), therefore, 
uncertainty on particle mobility is  
greater, increasing the range of qb in Fig. 4-26 to about 1-2 orders of magnitude, 
more noticeable for the values of Stage 1. It is noted that Fig. 4-26 shows data 
from both Stages 1 and 2, and that both show consistent values and trends. 
Hence, there appears to be a common response of bedload and resulting 
entrainment thresholds for both groups of experiments. 
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data. In the next section a method for predicting bedload transport rates and 
entrainment thresholds is proposed. 
4.2.6 Proposed method for prediction of transport rates and τcr 
It was demonstrated above that bedload transport rates for the same flows 
decrease with increasing entrainment thresholds (Fig. 4-25). Fig. 4-27 shows that 
the reduction of transport rates for each flow step follows a power law when 
plotted against bed entrainment thresholds (τcr) obtained with the reference 
transport method (RTM-P) (section 4.2.2):  
B
crb Aq τ=       Eq. 4-3 
where A and B parameters that vary with the bed shear stress corresponding to 
each flow stage (τ) as shown in Fig. 4-28. 
2
1
AAA τ⋅=   
   
Eq. 4-4
 
32
2
1 BBBB +⋅+⋅= ττ     Eq. 4-5 
where A1, A2, B1, B2 and B3 are parameters, optimised for the present data set 
(Table 4-9), and τ = bed shear stress corresponding to each flow step. 
 
Parameters for equations 4-4 and 4-5  
A1 1.15E+61 B1 -3.632 
A2 -88.91 B2 50.8 
  B3 -164.97 
 
Table 4-9. Values of parameters used to generate curves on Fig. 4-27. 
 
The parameters in Table 4-9 were then used to generate theoretical bedload 
transport rates (dashed lines in Fig. 4-27). However, these predictions rely on 
previous knowledge of critical stress. In order to use this procedure for 
estimating entrainment thresholds, the data in Fig. 4-27 must be read vertically 
to produce a series of transport rates for a range of flows for a given τcr. This 
produces a series of curves that depend on the values of τcr, such as the ones 
shown in Fig. 4-29. 
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Fig. 4-27. Evolution of bedload rates with critical bed shear stress. Stages 1 and 2 data 
combined. Only data from the stability test are plotted, as this phase of the experiments 
provides sufficient data points for adequate curve fitting.Lines correspond to ordinary east 
squares fit (solid lines) and generated by equation 4-3 (dashed lines). 
 
 
 
 
 
 
 
 
 
Fig. 4-28. Relationship of Parameters A and B in eq 4-3 with bed shear stress 
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shear stress values increase, solid transport is dominated by flow strength, 
largely reducing scatter in Fig. 4-29. The comparison of the theoretical curve for 
the series τcr = 3.6 Pa and the corresponding experimental data (τcr = 3.58 Pa) 
suggests that the curve should be shallower, producing higher qb for the low 
range of τ (τ < 4.2 Pa) and smaller qb for τ > 4.4 Pa. This deviation may be 
reduced if future additional data is available for the revision of the parameters 
adopted. 
 
The value of the parameter A1 in Table 4-9 is particularly large, with the results 
of eq. 4-3 being very sensitive to its value. A change of units (g/m/h) of the 
bedload transport rates and a change of equation form of eq. 4-3 [exponential 
form )( BAxExpq crb τ= , maintaining the power and polynomic forms of eqs. 4-4 
and 4-5 ] were tested to check the sensitivity of the parameters in Table 4-9. 
Since the change of units produces a shift of scale without altering the trends 
(larger values of qb) in Fig. 4-27, the values of B1, B2 and B3 are very similar 
(within the uncertainty of the fitting) to those initially obtained, with the value 
of A1 reflecting the higher coefficient A required by the new units (Table 4-10). 
When an exponential expression is used instead the power law in eq. 4-3 the 
parameters reduce (Table 4-10); however, the coefficient A1 remains very large, 
effectively of a similar order of magnitude to the initial value. 
 
Alternative parameters for equations 4-4 and 4-5 
 Using g/m/h Using )( BAxExpq crb τ=  in eq.4-3 
A1 9.00E+69 3.6E+56 
A2 -92.5 73.2 
B1 3.7 -1.1 
B2 52.1 15.4 
B3 169.4 -50.1 
 
Table 4-10. Alternative parameters used in eq. 4-4 and 4-5 using a change of units (g/m/h) and 
an exponential expression of eq. 4-3. 
 
The reported large figures obtained for A1 are likely to originate from the large 
reduction of bedload rates (several orders of magnitude) for a very small 
increase of critical bed shear stress τcr (ca. 3.2 to 3.7 Pa) (Fig. 4-27). This results 
in large gradients of the coefficient A both in the power and exponential forms 
of eq. 4-3; which are propagated to A1, requiring very large values. Thus, the 
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figures obtained for A1 A2, B1, B2 and B3 do not change substantially with 
different qb units of equation form, since they result from the steep reduction of 
transport rates with entrainment thresholds. 
 
The equation presented here (equation 4-3) can be used to assess entrainment 
thresholds, even when antecedent conditions are present as the procedure relies 
on actual sampled data. The entrainment threshold can be determined 
iteratively. In the case of eq. 4-3, no fractional transport rates are required. 
This makes it a very fast and easy method to apply, especially for field data, 
where sample sieving may be impractical. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-29. Comparison of measured bedload transport rates with predictions using the method 
proposed in the text. Red line represents predicted transport rates when τcr.= 3.3 Pa. The 
comparison of this line with the data for the initially estimated τcr.≈ 3.4 Pa (using RTM-P) 
suggests that this latter value may be slightly overestimated, and critical bed shear stress for 
these runs should be 3.3 Pa. 
 
A reassessment of the entrainment thresholds determined previously using RTM-
P was carried out using the method described above. Fig. 4-30 shows the 
comparison with the previous τcr obtained with RTM-P. The results show very 
close correspondence between data sets, with average ratio of τcr obtained using 
the new method over τcr obtained with RTM-P equal to 0.99 (range 0.96-1.02). 
These results confirm the suitability of the proposed procedure, providing near 
identical results to those obtained using Parker et al.’s (1982a) RTM. It is noted 
however, that since the procedure presented was developed based on the values 
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of critical shear stress obtained by RTM-P in the first place, this reported 
similarity of the results is to certain extent expected. Nonetheless, results 
highlight the suitability of the new methodology, which is considerably easier 
and faster to apply than the visual method and the reference transport methods, 
with fewer requirements of data acquisition and calculations. 
 
 
 
 
 
 
 
 
 
 
Fig. 4-30. Comparison of τcr from RTM-P and values obtained from the proposed method. Solid 
line shows a 1:1 correspondence, with dashed lines indicating the interval defined by ±1 
standard deviation. 
 
The data of entrainment thresholds and bedload presented suggest a number of 
issues: 
• Bedload transport rates for the same flow magnitude reduce with 
increasing critical bed shear stress, with this reduction extending to the 
stability test. This confirms the influence of antecedent conditions on not 
just entrainment thresholds but also on subsequent bed mobility. 
 
• A new methodology is developed to estimate bed entrainment thresholds 
solely based on total bedload transport, overcoming the need for data of 
bed surface composition and fractional transport rates.  
 
• The results of the described new methodology are very similar to those 
obtained by Parker et al.’s (1982a) reference transport method (Fig. 
4-30). Indicating that this new simpler procedure provides estimates of 
critical bed shear stress comparable to those from a well established 
method. 
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• Fractional data indicates that size classes 5.6–8 mm and 8–11.3 mm are 
proportionally more mobile than the others. For coarser grains, 
submerged weight is likely to be the main factor for their reduced 
mobility; whereas values of pi/fi < 1 reported for D < 5.6 mm may be 
influenced by hiding effects (Parker and Klingeman, 1982; Reid and 
Frostick, 1986; Andrews and Parker, 1987; Wilcock and McArdell, 1997; 
Van Rijn, 2007b). 
 
4.2.7 Velocity data and bed roughness 
One way in which exposure to antecedent flows could affect entrainment is by 
changing bed surface roughness (Church et al., 1998; Haynes and Pender, 2007; 
Recking et al., 2008), as mechanisms such as rearrangement of particle position 
and orientation and disappearance of fines from the surface take place during 
exposure to sub-threshold flows (Allan and Frostick, 1999; Haynes and Pender, 
2007; Frey and Church, 2009). The logarithmic law of the wall (equation 4-6) 
contains the parameter z0, which describes the hydraulic roughness of the bed 
(Monin and Yaglom, 1971; Yaglom, 1979; Wilcock, 1996). The value of z0 can be 
obtained from velocity data and the application of the logarithmic law (equation 
4-6) (Graf, 1998; Dey and Raikar, 2007; Piedra et al., 2009).  





 +
=
0*
ln
1
z
dz
u
u
κ
    Eq. 4-6 
Streamwise velocity profiles were obtained using a Vectrino acoustic velocimeter 
(section 3.3.1). The Clauser method (Graf, 1998; Cooper et al., 2008; Piedra et 
al., 2009) was applied to obtain bed shear velocity u* and bed roughness length 
z0. Individual measurements at each elevation took 120 s, with a full profile 
taking approximately 30 minutes. Therefore, it was impossible to take these 
measurements simultaneously with the flow steps used during antecedent 
conditions; thus, partial repeats of specific runs, corresponding to Stage 1 
conditions, were conducted separately to obtain velocity data.  
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The effect of antecedent conditions on bed roughness was assessed by 
comparing velocity data and the resulting parameters of the log-law at the 
beginning and end of the antecedent conditions. Three acceleration rates were 
selected: AccRate1, AccRate3 and AccRate5, corresponding to durations of 0.5, 2 
and 6h respectively. These durations were adopted as they showed the largest 
effect on entrainment thresholds (section 4.2.2). Two profiles were obtained for 
each run at Q = 12 l/s for: a) the initial bed prior to application of test 
hydrographs; and, b) the bed after exposure to the antecedent conditions; (Fig. 
4-31). 
 
 
 
 
 
 
 
 
Fig. 4-31. Comparison of velocity profiles A) pre and B) post antecedent conditions. Note that 2 
replicates were carried out for AccRates 1 and 3. 
 
A considerable volume of literature suggests that the application of the Clauser 
method is restricted to approximately the lowest 20% of the flow depth (Monin 
and Yaglom, 1971; Nezu and Nakagawa, 1993; Graf, 1998; Oertel et al., 2004). 
However, extensive ADV data collected over a greater range of flow depths 
suggests that the logarithmic law may apply to a much larger proportion of the 
flow depth, up to 0.5-0.8 z/h (Smart, 1999; Lamarre and Roy, 2005; Piedra et 
al., 2009). Thus, the flow depth range used for the line fitting required for the 
application of the Clauser method was individually selected based on specific 
data, similarly to Wilcock (1996) and Smart (1999). This range was generally 0.3-
0.8 z/h. Appendix 7 shows a summary of the velocity data and the parameter 
values obtained.  
 
Roughness appears to increase by an average or 20% with antecedent duration up 
to 2 h, but reducing for the longest duration to approximately 30% of the initial 
bed value (Fig. 4-32A). This trend of increase and decrease of roughness with 
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the maximum found for the duration of 2h is similar to that showed by the 
entrainment thresholds (section 4.2.2). This is confirmed when the ratio of bed 
roughness is plotted against critical stress (Fig. 4-32B). Bed roughness after 
application of antecedent flow periods appears to increase for the beds with 
largest entrainment thresholds. 
 
 
 
 
 
 
 
 
 
 
Fig. 4-32. Relationship between the ratio of bed roughness post-(z0Q12B) and pre-(z0Q12) 
antecedent conditions and: A) Duration of antecedent flow, B) Critical stress. Q12 and Q12B 
correspond to data for Q = 12 l/s pre and post antecedent conditions respectively. 
 
Data in Fig. 4-32B suggest that hydraulically rougher beds are more difficult to 
entrain; yet, theory would suggest that their increased grain protrusion and 
exposure might make these beds more mobile. To resolve this potential conflict 
the findings may be explained by dividing total bed shear stress into form drag 
and skin friction directly applied to grains (Einstein and Banks, 1950; Robert, 
1990; Petit, 1990; Buffington and Montgomery, 1997), with the first increasing 
with the appearance of bed forms (Wiberg and Smith, 1989; Buffington and 
Montgomery, 1999a). Thus, the magnitude of the bed shear stress acting to 
entrain particles reduces with bed forms (Knighton, 1998). No apparent or 
macro-scale bed forms (eg. dunes) were observed for any of the runs. However, 
as the estimation of the effect of flow history was based on velocity data taken 
at a single location, i.e. at the micro-scale, small changes in the bed, such as 
grain reorientation, grain removal or replacement by a different-size particle 
could act in a way equivalent to micro bed forms. Their presence might reduce 
the proportion of the bed shear stress dedicated to entrainment, explaining the 
apparent increased stability of the bed with hydraulically rougher beds. 
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A possible effect of flow history could be inferred from the comparison of 
velocity data at Q = 12 l/s. Measured velocities for profiles taken after 
antecedent periods display more noticeable deviations from a single-curve 
profile than those taken at the beginning of the run (Fig. 4-31). This may reflect 
disruption of the bed during sub-threshold flows, producing increased turbulence 
as a reflection of increased roughness. Pender et al. (2001) reported larger 
Manning’s roughness parameters after beds were exposed to constant flows for 
durations in the region of 5000 minutes. These autors also showed evidence 
(laser bed topography data) of increased irregularities in the bed surface 
elevations as the experiments progressed. These measurements are consistent 
with those presented in this thesis for graded beds of increased bed roughness 
resulting from exposure to flows. However, the practical limitations of both the 
Clauser method and the velocity data, make a more robust assessment of bed 
roughness unachievable with the present data set. Nonetheless, this limited 
analysis of velocity profiles and bed roughness lengths indicates the following: 
 
• Beds appear hydraulically rougher at the end of the test hydrograph as 
the new bed entrainment threshold increases (Fig. 4-32). 
 
• In the absence of noticeable changes of bed surface composition (section 
4.2.3) small-scale changes of particle position and orientation may be 
responsible for the observed increase in bed roughness. 
 
• Calculations are based on single velocity profiles and assessment of the 
impact of test hydrographs on general bed characteristics will require 
velocity data at multiple locations. 
 
4.2.8 Particle clustering analysis 
Structural changes of the bed have been suggested in the previous two sections 
as responsible for the observed link between antecedent conditions and values 
of the bed critical shear stress and hydraulic roughness. So this section tries to 
study these structural changes quantitatively. The analysis of the effect of flow 
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history on bed surface was extended by considering both the abundance and 
spatial distribution of particles in the 8-11.3 mm class (section 3.4.4). This grain 
size class, containing D90 of the bed (10.6 and 10.3 mm for the bulk mix and 
initial beds repectively), was painted in ultra violet blue paint. The results and 
discussion presented below can be interpreted as a compositional and structural 
study of bed surfaces under antecedent conditions. The analysis of grain 
clustering also provided information about the mobility of the 8-11.3 mm size 
class. UV photographs were taken coinciding with bedload and bed surface 
composition sampling for eight acceleration rates during Stage 2, including two 
replicates for AccRates 2H, 2L, 3H and 3L (section 3.5). In addition, for four of 
those experiments UV images were taken throughout the antecedent flow 
period. The methodology followed was detailed in section 3.3.2. 
 
 
 
 
 
 
 
 
 
Fig. 4-33. Total area of 8-11.3mm particles on the bed surface during increasing flows. 
 
The total area occupied by 8-11.3 mm particles Atot (Fig. 4-33) remains 
reasonably unchanged for flows below 20-25 l/s, after which Atot increases with 
discharge. Fig. 4-34 shows that average element area ai and total number of 
clusters or elements Ne also remain reasonably stable during antecedent 
conditions. Once this apparent threshold of 20-25 l/s is overcome, ai and Ne 
show a very large increase and decrease with flow, respectively. These results 
suggest that these coarse particles group together, producing fewer individually 
larger elements, i.e. clustering.  
 
It is possible that observed increases of Atot might be due to additional particles 
coming into the area of observation, as more grains are mobilised during large 
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flows, and/or to exposure of blue-painted particles from the subsurface layer 
after surface grains are entrained. However, the relative changes of both ai and 
Ne are lager than the increase of total surface area, as indicated by data in Fig. 
4-35. If the increase of Atot was due to additional 8-11.3 mm grains being 
exposed, the average cluster size would remain approximately stable, and Ne 
would increase. This is not the case, with ai and Ne becoming substantially 
larger and smaller respectively with flow. Thus, it can be concluded that existing 
coarse particles on the bed surface group with increasing flows. Clustering 
appears to persist during the stability test, as shown by the continuous increase 
of ai and decrease of Ne with higher flows (Fig. 4-34). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-34. Evolution of cluster 
characteristics with discharge. A) Average 
area of cluster/element, B) Total number of 
elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-35. Comparison of change of ai and Ne 
relative to the evolution of Atot. Dashed 
lines indicate equal rates of change. 
 
The smaller value of Qcr of the 8-11.3 mm class than Qcr50 noted here (around 25 
l/s) is confirmed by the earlier analysis of entrainment thresholds (4.2.2), where 
the ratio τcri/τcri50 is < 1 for the 8-11.3 mm class (Di/D50 ≈ 1.5), indicating 
movement of this size class at lower discharges. Increased grain exposure of the 
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coarser grains has been shown before to cause particle entrainment at lower 
thresholds than finer fractions (Parker et al., 1982b; Wilcok and McArdell, 1993; 
McEwan et al., 2004; van Rijn, 2007b). The results presented indicate similar 
mechanisms of entrainment for particles of size class 8-11.3 mm. Results of bed 
surface evolution using colour thresholding also show changes in bed resistance 
to entrainment. Fig. 4-36 shows a positive correspondence between bed 
entrainment thresholds and the number of groups (Ne) formed by 8-11.3 mm 
particles found on the bed surface pre (IB) and post antecedent conditions (Qt). 
This indicates that beds with larger number of elements are more stable. 
Alternatively, it could also be the case that more stable beds are consequence of 
larger percentage of coarse particles on the bed surface. However, Fig. 4-37 
shows that there is no correspondence between entrainment thresholds and the 
total area occupied by 8-11.3 mm particles. 
 
The question arises then whether Ne is a reflection of a higher percentage of size 
class 8-11.3 mm on the bed. Fig. 4-38 shows that Ne does not have a clear 
correspondence with total bed surface area occupied by the 8-11.3 mm class. 
Therefore, a large value of Ne is not linked to a large proportion of the 8-11.3 
mm size class on the bed. It would appear then that increased bed stability is 
not related to the total area occupied by coarse grains, but reflects the 
abundance and how these grains are distributed over the bed surface. It is noted 
that critical shear stress decreases with larger average area of clusters present 
on the bed surface (Fig. 4-39). This would indicate an apparent contradiction, as 
one might conclude that larger clusters of coarse particles would lead to 
stronger beds (Hassan and Reid, 1990; Hassan and Church, 2000; Frey and 
Church, 2009). Thus, it is proposed here that the stability of the unimodal bed 
tested is partially due to the surface distribution of 8-11.3 mm particles over the 
bed. Fig. 4-39 shows two processes: i) antecedent conditions appear to cause 
similar effect on ai for all runs, and ii) critical shear stress is largest for the 
smallest values of ai. 
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Fig. 4-36. Relationship between Ne and bed entrainment threshold. 
 
 
 
 
 
 
 
 
Fig. 4-37. Variation of τcr with total surface area occupied by particles of size class 8-11.3mm.  
 
 
 
 
 
 
 
 
 
Fig. 4-38. Relationship between total percentage area of size class 8-11.3mm measured under 
UV light (Atot) and number of elements on the bed surface (Ne) 
 
The correspondence between bed stability and the surface distribution of coarse 
particles is further reinforced by the inverse relationship between the 
percentage change of Ne during antecedent conditions and Ne in the initial bed 
(Fig. 4-40). The largest change of Ne corresponds to initial beds with the largest 
number of unconnected coarse particle groups. As high values of Ne are not 
necessarily linked to large presence of 8-11.3 mm particles, this can be 
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interpreted as vulnerability to movement of coarse grains. As established here, 
high values of Ne indicate a more scattered distribution of coarse particles over 
the bed, while low values of Ne suggest that particles are clustered. Fig. 4-40 
suggests that coarse particles are more vulnerable to movement when they are 
isolated, with the opposite occurring for particles that belong to a group of the 
same size grains. This increased resistance of clusters was highlighted by Reid et 
al. (1984), Marion et al. (1997) and Church et al. (1998). 
 
 
 
 
 
 
 
 
 
Fig. 4-39. Variation of bed entrainment thresholds with average area of elements of initial bed 
(IB) and bed at target flow (Qt). Note the near-parallel trend lines, indicating a reasonably 
uniform effect of antecedent conditions on ai. Trend lines, drawn by eye, are indicative only. 
Circled data points correspond to outliers of the same run. 
 
 
 
 
 
 
 
 
 
 
Fig. 4-40. Sensitivity of cluster formation to Ne of initial beds. 
 
This observed sensitivity of the 8-11.3 mm particles may be related to the 
strength of individual elements on the bed. The same total bed surface area 
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in smaller number of elements of larger surface area. The analysis above 
suggests that the bed as a whole will be weaker in the second case; however, 
the elements themselves will be more stable when grouped in clusters. This 
would explain why beds with most numerous elements appear to result in more 
resistant beds, at the same time as being the ones that show the largest 
percentage changes in both Ne and ai.  
 
Finally, the relationship between antecedent conditions and bed evolution, 
based on size class 8-11.3 mm, is further demonstrated in Fig. 4-41. Bed stability 
increases with larger changes of Ne during antecedent periods. As demonstrated 
above, beds that experience the largest coarse grain activity are those with 
highest value of Ne (directly related here to the surface distribution of 8-11.3 
mm grains), which in turn, appears to produce the strongest beds. This link 
between bed resistance and spatial distribution of coarse grains is an important 
finding as it introduces yet another factor in bed stability assessment. These 
results imply that in order to understand entrainment it is insufficient to know 
bed surface grain size distribution or a representative grain size, eg. D50 or D90 
(Cooper et al., 2008). The distribution of coarse particles on the surface appears 
to influence bed stability from the outset. It is noted, however, that this 
suggestion is based on a limited number of experiments and a single particle 
size.  
 
 
 
 
 
 
 
 
Fig. 4-41. Relationship between bed entrainment threshold and reduction of Ne during 
antecedent conditions. 
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1. The analysed particle size class (8-11.3 mm) moves for lower flows than 
the bed median size, confirming the effects of hiding proposed by 
previous authors (section 2.2.4). 
2. Numerical data on cluster size and discharge values were obtained for the 
first time, clearly demonstrating that coarse particles gather together 
under increasing flows. 
3. Data suggest that the proportion of coarse particles contained on the bed 
surface has a secondary role on bed stability and beds with slightly larger 
contents of 8-11.3 mm grains are not necessarily more resistant to 
entrainment. 
4. There appears to be a positive relationship between the number of 
unconnected coarse grains (D90), their spatial distribution over the bed 
surface and the stability of the mixed bed, provided that the proportion 
of this size class on the bed surface (Atot) remains reasonably unchanged. 
 
This final point is relevant when estimating entrainment thresholds and connects 
with the changes that antecedent conditions have on bed structure. If the 
coarser sizes in granular beds are active during what may be considered sub-
threshold flows, their surface distribution may be altered and thus, the 
resistance of the bed. This is evidence of the importance of studying the impact 
of antecedent conditions and the shape of hydrographs on the stability of gravel 
beds. 
 
4.3 Uniform gravel 4-5.6 mm 
The data set, analysis and discussion of the effect of acceleration rates on 
entrainment using a near-uniform gravel bed were somewhat incomplete as 
entrainment thresholds were estimated using the visual method only. Given that 
this method has a number of uncertainties, both in the definition of the criterion 
and practicalities of its application (section 4.4.1), a selection of experiments 
carried out for the Pilot Runs were repeated to permit comparative bedload data 
analysis for threshold studies. In addition, since the bed slope was changed from 
1/200 for the Pilot Runs to 1/150 for these runs using uniform gravel, results can 
also address the effect of bed slope on entrainment. 
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The procedure followed was similar to the Pilot Runs and Stages 1 and 2 and the 
method selected to provide the main data set was Parker et al.’s (1982a) 
method (complemented by Wilcock and Crowe’s, 2003 equation). The reference 
entrainment threshold of the bed for the new conditions was estimated as Qref = 
29.2 l/s (RTM-P); which was then used to construct test hydrographs for 
durations 0.5, 2 and 6 h. These were selected since they were those that showed 
largest effect on critical flows in Stages 1 and 2 and encompass the main range 
of flow history durations tested during the Pilot Runs. As in the cases of the 
unimodal bed runs, visual method (Neill and Yalin, 1969), RTM-P (Parker et al., 
1982a) and RTM-S (Shvidchenko et al., 2001) data were collected and analysed. 
 
4.3.1 Entrainment thresholds 
Appendix 4 contains a summary of values of entrainment thresholds for the 
single size bed tested. Entrainment flows determined using the visual method 
increase from 21 l/s to 24.7 l/s as antecedent durations increase from 0.5h to 
2h, followed by a slight increase of the entrainment flow (25.8 l/s) for the 
longest duration (Fig. 4-42). This confirms the results of the Pilot Runs. 
However, critical flows obtained by RTM-P show a distinctly different picture. 
Values of Qcr slightly reduce from 0.5h to 2h (28.6 l/s to 28.0 l/s), increasing 
again to Qcr ≈ Qref = 29.2 l/s for the longest duration. It is also noted that the 
range of Qcr for RTM-P is considerably smaller than that of the VM, 1.3 l/s and 
4.1 l/s respectively. Thus, if the results of RTM-P are followed, antecedent 
conditions have little effect on the uniform gravel bed.  
 
Discrepancies between the results obtained using different entrainment criteria 
affect both the trends and absolute values of critical flow. Qref for RTM-P is 1.4 
times higher than Qref (VM), with ratios between critical flows of 1.36, 1.12 and 
1.17 for AccRates 1, 3 and 5 respectively. Differences of values were also 
reported for the sand-gravel mix (section 4.2.2), although general trends were 
similar to one another. The reasons for these contradictory results are uncertain 
but are expected to be related to the concept and methods used by the 
different entrainment criteria, (Wilcock, 1998; Buffington and Montgomery, 
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1997), eg. local particle mobilisation versus bedload sample, small inspection 
area versus the width of the sediment trap (4.4.1).  
 
It is noted that the application of the RTM-P and RTM-S methods to the uniform 
gravel bed continued to show consistently larger values of critical flows for RTM-
S (9-11%). Also, the parameters of the Shvidchenko et al. (2001) equation used 
for fitting the transport rates to obtain critical shear stress had to be adjusted, 
as the equation depends on θcr50, which is different for the unimodal and 
uniform gravels tested. However, the parameters of the modified Wilcock and 
Crowe (2003) equation fitted to the unimodal gravel data remained the same for 
the uniform gravel. This is an advantage of the latter method as the application 
of the criterion and comparison between data sets does not depend on mixture 
size. Table 4-11 shows the comparison between parameters of Shvidchenko et 
al.’s (2001) equation for the unimodal and uniform beds. 
 
 
 
 
 
 
 
 
 
 
Fig. 4-42. Effect of duration of antecedent conditions on entrainment for the single size runs. 
 
Parameter Unimodal Uniform 
θcr50 0.0384 0.0445 
B 13.5 13 
C 3.96 3.34 
Table 4-11. Comparison of parameters of Shvidchenko et al.’s (2001) equation for estimation of 
critical shear stress 
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4.3.2 Effect of slope on entrainment thresholds 
Critical flow data for the visual method show similar trends to the Pilot Runs 
(Fig. 4-43): a general increase of Qcr with durations and an apparent maximum 
bed resistance achieved by antecedent conditions. The ratios of average values 
of Qcr for the Pilot Runs over those for the uniform gravel for each duration are 
all approximately 1.7, except for the duration 0.5 h, where the ratio is 1.94 
(Table 4-12). This discrepancy of the ratio for 0.5h could be due to the very 
small increase of Qcr for this case, contrary to the same duration in the Pilot 
Runs, or to the already discussed discrepancies between results of durations 0.5 
h and 1 h of the Pilot Runs (section 4.1.2). Since the particle sizes of both beds 
are nearly identical (D50 = 4.8 mm for both beds) the observed differences of Qcr 
between Pilot Runs and uniform gravel data sets are likely to be due to bed 
slope (Table 3-13). The main reason for changing the bed slope from the original 
1/200 to 1/150 was the lack of mobility of the unimodal bed; which increased 
considerably under the steeper slope. Shvidchenko et al. (2000) noted an 
increase of critical shear stress with steeper slope for the same grain size. 
Comparison of data between experimental series shows that relative depths for 
the Pilot Runs are 1.2-1.3 times larger than those for the uniform bed, which 
would lead to lower critical flows according to Shvidchenko et al. (2000). 
However, despite bed sizes being very similar, critical flows for the Pilot Runs 
were higher than those for the uniform gravel in the experiments presented here 
(Fig. 4-43).  
 
 
 
 
 
 
 
 
 
 
Fig. 4-43. Comparison of Qcr from Pilot Runs and single size runs. 
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Shvidchenko et al. (2000) suggest greater resistance of the grains caused by 
reduced relative depth as the reason for the observed results. Recking (2010) 
also reported larger entrainment thresholds for the same particle size on steeper 
beds, although no detailed explanation was given. As relative depth reduces 
with steeper beds for the same discharge, an increase of slope will generally 
produce larger velocities and bed shear stresses for the same flow. As grain 
position, hiding and bed surface composition will not be affected by a change of 
slope, it is difficult to see how greater entrainment resistance can be achieved 
by steeper beds. Thus, the higher entrainment flows found for the shallower 
slope experiments are linked here to the larger flows required to produce 
sufficient destabilising forces to entrain the grains. 
 
 Qref AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 
Duration (h) 0 0.5 1 2 4 6 
Pilot Runs 
R1 38.8 41.1 37.6 41.9 46.3 44.4 
R2 34.5 44.0 36.8 42.3 44.4 45.0 
R3 39.6 38.9 45.1 44.1 46.5 47.2 
Qcr (1) 35.58 40.8 38.83 42.47 45.1 44.9 
Single size 
R1 21.2 20.4  24.9  25.1 
R2 20.6 21.7  24.9  25.8 
R3 21.1      
Qcr (2) 20.8 21.0  24.7  25.8 
(1)/(2) 1.71 1.94  1.72  1.74 
 
Table 4-12. Comparison of results of Qcr from the visual method. 
 
The relative effect of antecedent conditions appears to be similar for both 
experimental series when the results of the visual method are considered. Fig. 
4-44 shows that values of the ratio Qcr/Qref are very similar except for 0.5 h; 
suggesting that the effect of acceleration rates on very well sorted beds is 
different to that shown by the sand-gravel bed. However, as discrepancies 
between methods persist, this conclusion is only applicable to the data sets 
presented here. It is clear that in the case of the uniform gravel, critical flow 
values, and therefore the interpretation of the data, depend on the 
methodology adopted. 
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Fig. 4-44. Values of Qcr/Qref for Pilot Runs and single size runs using the visual method. 
 
4.3.3 Bedload transport  
Transport rate values are shown in Appendix 6. The combination of power and 
linear laws developed for Stages 1 and 2 relating total bedload transport and 
τ/τcr (equations 4-1 and 4-2) can also be applied to the uniform gravel. The final 
parameter values (section 4.2.5.2) were obtained after visually fitting the 
proposed curve to the full data set corresponding to sand-gravel and uniform 
beds. Fig. 4-45 shows the comparison between the theoretical equation and the 
data for the uniform gravel bed. Thus, equations 4-1 and 4-2 appear to be 
applicable for the full range of τ/τcr. However, scatter is observed for values of 
qb in the region of τ/τcr = 1. This again, may be related to the stochasticity of 
entrainment at near-threshold flows and the possible excess bedload samples 
due to air bubbles in the sediment trap. 
 
The methodology for the prediction of the transport rates and the estimation of 
entrainment threshold was tested against data for the uniform bed. Equation 4-3 
was applied using the same parameter values determined for Stages 1 and 2. The 
comparison of the four data series shows good fit between predicted and 
recorded transport rates for the upper shear stress range (Fig. 4-46). This is 
consistent with the results for the sand-gravel mix (section 4.2.6). Critical bed 
shear stresses estimated by the proposed method are within ± 1% of those by 
RTM-P. These results confirm that the critical shear stresses estimated by RTM-P 
for the uniform gravel are consistent. More significantly, the results suggest that 
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the method and equations developed to predict transport rates and estimate 
critical shear stresses appears to work well for different bed compositions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-45. Fitting of the transport rate equations for the uniform gravel bed data set. 
 
 
 
 
 
 
 
 
 
Fig. 4-46. Comparison of actual and predicted transport rates using eq.4-3 for the uniform 
gravel runs. Deviation of data for series 3.15 and 3.16 for τ/τcr < 3.2 Pa suggest oversized 
bedload samples due to air bubbles. 
 
Finally, the effect of antecedent conditions on average transport rates for the 
duration of the test hydrographs (Fig. 4-47) shows that transport rates reduce 
from 1.59e-4 kg/m/s for the 0.5h duration to 2.28e-5 kg/m/s when antecedent 
duration increases to 6h, suggesting a reduction of bed mobility and transport as 
flows continue to act over the bed. This reduction of bedload rates could be 
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interpreted as strengthening of the bed with increasing exposure to flow; and 
therefore, in agreement with critical flows obtained by the visual method. 
 
 
 
 
 
 
 
 
 
Fig. 4-47. Bedload rates for antecedent conditions phase for uniform gravel runs. 
 
4.3.4 Velocity profiles and bed roughness 
A similar analysis of bed hydraulic roughness to that of the unimodal mix bed 
was carried out for the uniform gravel. Roughness appears to reduce with the 
duration of the antecedent conditions (Fig. 4-48); while the relationship 
between critical bed shear stress and the ratio of the hydraulic roughness value 
of the bed after exposure to the antecedent conditions (z0Q12B) over that of the 
initial bed (z0Q12) at a common discharge Q = 12 l/s (z0Q12B/z0Q12) reaches a 
maximum (3.44) for τcr = 3.16 Pa (AccRate1) (Fig. 4-49).  
 
 
 
 
 
 
 
 
 
Fig. 4-48. Effect of the duration of the antecedent conditions on the ratio of bed roughness post 
and pre antecedent conditions (z0Q12B/z0Q12). 
 
 
0.E+00
1.E-04
2.E-04
0 1 2 3 4 5 6 7
Duration (h)
qb
 
(kg
/m
/s
)   
.
0
1
2
3
4
0 2 4 6 8
Duration (h)
z0
Q1
B
/z0
Q1
2 
 
 
 
 
.
 Chapter 4. Experimental results 
170 
 
 
 
 
 
 
 
 
 
Fig. 4-49. Relationship between the ratio of bed roughness post and pre antecedent conditions 
(z0Q12B/z0Q12) and estimated entrainment thresholds. 
 
These results appear to contradict the earlier data for the unimodal bed, which 
showed an increase of roughness length with bed resistance. This difference may 
be due to a different response of the uniform and graded gravels to flow history 
(Ockelford et al., 2010), by which prolonged exposures of the bed to increasing 
flows make the well sorted bed surface hydraulically smoother. In their 
experiments with a graded mixture Pender et al. (2001) found that bed surface 
became rougher (expressed by the increase of Manning’s roughness parameter n 
of c. 18%). In addition, their bed elevation frequency distributions (deviations 
over average bed elevation) for the beds at 20 and 80 hours into the run 
expanded at the range limits, reducing their peak frequency with respect to the 
distribution curve of the initial bed (Fig. 11 in Pender et al., 2001). These results 
indicate that the bed surface compacted and became more irregular, with the 
consequent increase of hydraulic roughness. Saadi (2002) also recorded an 
increase of a bimodal bed surface peaks and troughs after antecedent 
conditions. Haynes and Pender (2007) deduced that increased bed roughness 
results from greater rearrangement of the bed surface caused by longer 
antecedent durations. Ockelford et al. (2010) showed how the range of bed 
surface elevations for the uniform gravel decreased (smoother bed), whereas the 
same parameter increased for the bimodal bed, effectively making the bed 
rougher (van Rijn, 2007b). Unimodal beds, like the one tested here, contain a 
variety of sizes. The interaction between different particles may favour small 
grain movement and the formation of troughs and crests, resulting in increased 
roughness. However, the limited geometric variability of grains in the well 
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sorted beds, both vertically and spatially, is smaller than that of the unimodal 
gravel. This, combined with the homogeneity of voids in the uniform gravel 
reduces the range of possible bed surface changes by size segregation or 
structural changes. In the uniform gravel bed there are two ways that the 
surface may be modified: a) grain rearrangement to become less exposed to 
fluid actions or achieve increased imbrication/friction; or, b) grain entrainment 
removing the more exposed, protruding grains. Following this, those grains that 
are not entrained lead to hydraulically smoother beds.  
 
The reduced degree of freedom of movement of particles in uniform gravel may 
also explain the small range of critical shear stress observed with RTM-P. As the 
options for bed surface evolution are smaller than those of a multi-size bed, 
differences between reference entrainment thresholds and those after flow 
history are smaller than the ones observed for the unimodal bed, with ranges of 
Qcr values of around 1 l/s and over 4 l/s for the uniform and unimodal material 
respectively. This also has consequences for the study of sediment transport 
generally; as the compositional and textural changes undergone by each type of 
bed mixture will depend on their size distribution (Haynes and Ockelford, 2008, 
Ockelford et al., 2010). Hence, findings and results obtained using uniform 
gravels may not be directly applicable to a particular size class when it is 
included within a multi-size bed (van Rijn, 2007b). 
 
4.4 Discussion 
4.4.1 Evaluation of the visual method 
A number of authors have applied the visual method to estimate the threshold of 
motion of granular beds (Neill and Yalin, 1969; Wilcock, 1988; Paphitis and 
Collins, 2005; Haynes and Pender, 2007). Its relatively simple application, where 
only visual observation is needed and potentially no equipment is required, 
makes this method very attractive for sediment entrainment studies. The 
practical application of the procedure is progressively complicated if the area of 
observation is large, moving grains are small or analyses of count repeatability 
are required. In these cases, recording and magnifying the images require using 
video equipment (VCR, TV, video camera, etc.), although these are devices 
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easily available nowadays. In the case presented in this thesis, video recording 
was used to increase reliability of the particle count, where the same counting 
period was replayed twice to ensure counting of all movements (section 3.4.1). 
Results obtained from the visual method appear to represent the changes of bed 
resistance produced by antecedent conditions discussed in this chapter. Indeed, 
trends of entrainment threshold values provided by the visual method agree with 
the findings of Paphitis and Collins (2005), Haynes and Pender (2007) and Haynes 
and Ockelford (2008) in the sense that bed resistance appears to increase with 
the duration of antecedent conditions, reaching a maximum, and remaining 
approximately constant or slightly lower for longer durations (results 
corresponding to well sorted material). However, when the results from the 
visual method are compared to those obtained with the reference transport 
method, a number of discrepancies appear, particularly in the case of well 
sorted sediment. These observed differences of values and especially of trends 
are likely to be related to the conceptual and practical definitions of these two 
entrainment criteria (Buffington and Montgomery, 1997). These authors pointed 
out at the subjectivity of the definition of how much movement constitutes 
initial motion (weak, medium, general movement of Kramer, 1935) as one of the 
causes of the uncertainty of the method. Neill and Yalin (1969) and Wilcock 
(1988) suggested formulae to reduce this uncertainty based on the adoption of a 
fixed parameter (10-6). However, there appears to be no dedicated study on the 
effect of the constant used as the threshold criterion on the visual method.  
 
Thus, estimating entrainment thresholds from observation of particle movements 
has a number of limitations that restrict its accuracy, reliability and 
repeatability:  
• Movement counts are made over a small area, which may not be 
representative of the behaviour of a larger bed area, since bed surface 
size composition and texture may vary over the full bed extent. Thorough 
remixing of the bed material prior to each experiment attempted to 
minimise this effect. However, a small area of observation is necessary if 
appropriate grain definition and visual identification are to be achieved. 
Larger areas would reduce the number of pixels on the video image and 
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most importantly, would reduce the size of the grains on the screen, 
making movement counts impractical. 
 
• Secondly, particle movements, especially in a small area, are affected by 
the random character associated with grain distribution, orientation and 
movement under turbulent flows (Miller et al., 1977; McEwan et al., 
2004; van Rijn, 2007a). Differences of grain position or orientation may 
result in more mobile grains under the same acting forces than if the 
same grains had slight different geometrical configurations. The bedding-
in period applied to the bed in all experiment runs is partially aimed at 
eliminating this factor, as it reduces the influence of bed construction. 
Quantification of the influence of the size and location of the area of 
observation will require repeating measurements of particle movement at 
different locations of a range of areas of visual inspection. However, this 
was not the focus of the research presented in this thesis. 
 
• An important factor affecting grain movement counts is the fact that all 
movements occurring within the observation area are considered, 
regardless whether they originate from the observation area itself or not. 
This is due to the extreme difficulty of visually differentiating the source 
of moving grains, especially at high flows, when tens of particle 
movements, many of them simultaneously, occur in a short period of 
time. Other authors that used the visual method did not specify the 
origins of particle movement (eg. Monteith, 2001; Paphitis and Collins, 
2005) and so it is assumed here that a similar approach was followed. 
 
• The counting procedure followed also has an influence on the results. The 
entire method relies on the identification of particle movements, which in 
the case of this research work was based on visual observation. Operator 
ability to distinguish grain detachments is essential. However, human 
errors and limitations are intrinsically associated to this method. 
Operator’s eyesight, concentration and ability to focus on the entire 
observation area are to be considered. The procedure followed in this 
research minimised the effect of these factors by splitting the observation 
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area in two during the review stage (section 3.4.1); the single observer 
was placed at an appropriate distance to ensure adequate coverage and 
focus over the screen; particle counts were not performed live but 
recorded and then replayed twice (one per count area on the screen), and 
lighting conditions in the laboratory and the bed itself were regulated to 
maximise image contrast. A small number of particle movements might 
have been missed out during the counting process, especially at high 
transport rates. However, this is unlikely to affect entrainment results, 
which are based on smaller particle movement rates and whose accurate 
count was ensured. Thus, resulting values of critical flows are likely to 
remain unaffected by this human factor. 
 
These are some limitations of the visual method, some of them were addressed 
and minimised during the experimental work to make the process as efficient as 
possible. Others are intrinsically associated to the method. As discussed earlier, 
bedload trap samples provided physical quantities of actual solid transport 
collected for the duration of the flow stage and therefore, the methods based on 
these data (RTM) are preferred. However, the comparison of results from the 
visual method and reference transport methods highlight the different results 
obtained with each approach and agree with the comparative analyses carried 
out by researchers such as Wilcock (1988) and Buffington and Montgomery 
(1997). 
 
4.4.2 Discussion of results 
The data sets presented throughout this thesis relate to a range of aspects of the 
effects of antecedent conditions on entrainment of non-cohesive sediments, 
covering both uniform and unimodal gravel beds. In addition, data corresponding 
to entrainment thresholds using three different methodologies (VM, RTM-P and 
RTM-S), bed surface composition, bedload transport characteristics, clustering of 
coarse grains and hydraulic roughness were also analysed. This section includes 
detailed discussions of these results, which are compared and contrasted to 
previous work by other authors. 
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4.4.2.1 Entrainment thresholds 
Data presented clearly demonstrates that flow acceleration rates do have an 
effect on entrainment thresholds. However, calculated critical flows show 
different values and trends depending on the bed composition used and the 
methodology applied. For well sorted beds (uniform and near-uniform gravels) 
the visual method indicates an approximately continuous increase of stability 
with duration of antecedent conditions up to approximately 25% of the reference 
flow estimated for the bed under no antecedent conditions; also suggesting a 
limit to bed strengthening achieved by flow exposure. These trends are similar 
to those found by Paphitis and Collins (2005), Haynes and Pender (2007) and 
Haynes and Ockelford (2008). Paphitis and Collins (2005) and Haynes and 
Ockelford (2008) also reported maximum increases of around 25% for their 
uniform beds; these were measured based on shear velocity at entrainment and 
bed shear stress respectively. These similarities occur despite the maximum 
durations of sub-threshold flows for these two previous references being 120 and 
60 min respectively, compared to the 6h of he experiments presented in this 
thesis. However, the application of the reference transport methods by Parker 
et al. (1982a) and Shvidchenko et al. (2001) to the same experimental runs 
suggest an inverse trend, with values of τcr showing very little sensitivity of 
uniform sediments to the antecedent conditions tested, with average values of 
τcr remaining within the range 3.12-3.21 Pa.  
 
In the case of the sand-gravel bed, both visual and reference transport methods 
suggest a similar trend of increase of τcr with hydrograph duration to a maximum 
value of 3.50-3.60 Pa for the rising limb with a duration of 2h (RTM-P) and 3.6-
3.8 Pa for a duration of 4h (VM), with subsequent reduction of τcr for longer 
durations (maximum duration 10h) (Appendix 4). However, actual values of 
entrainment thresholds show disparity (Fig. 4-8 and Fig. 4-9). Contrary to 
Buffington and Montgomery (1997) who found entrainment thresholds obtained 
by the visual method lower than those from the reference transport method, 
results from this thesis do not display a particular trend (Fig. 4-50). The ratio of 
τcr from these two methods has an average value of 1.0; however, data show 
considerable scatter, with half of the data points in Fig. 4-50 outside the range 
±1 standard deviation. These results indicate that there is no systematic under- 
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or over-estimation introduced by the methods used and the comparison between 
entrainment criteria is affected by inherent uncertainty of the results. 
 
 
 
 
 
 
 
 
 
 
Fig. 4-50. Correlation of critical bed shear stress values obtained using RTM-P and VM for Stage 
1 and Stage 2. Solid and dashed lines correspond to the equal values (1:1) and ±1 standard 
deviation respectively. 
 
It is also noted that values of Qref provided by VM were the lowest values of 
entrainment thresholds; contrary to results from RTM, where Qref values do not 
correspond to minimum critical flows for any of the experimental series 
presented. All this adds complexity to the assessment of the suitability of each 
method. Since the study presented here is, to the author’s knowledge, the only 
one that systematically and concurrently applied both the visual method and 
reference transport methods to the same experiments, it is difficult to 
contextualise the observed results. The work by Garde and Ranga Raju (1977), 
Wilcock (1988), Buffington and Montgomery (1997), Paphitis (2001) and 
Shvidchenko et al. (2001) already indicates that different results of entrainment 
thresholds may be obtained depending on the methodology and criterion 
followed. 
 
It is accepted here that since the visual and the reference transport methods, in 
any of its variations, are based on very different data, i.e. local particle 
movements and bedload collected, discrepancies between results are likely. 
However, the explanation of the inconsistency of trends shown by each method 
for the well sorted beds remains difficult. It is speculated here that two main 
aspects of the visual method may be partly responsible: (1) some particle 
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movements within the area of observation might be due to random instabilities 
of individual particles, not necessarily related to general bed mobility. Indeed, 
observations of grains being dislodged and transported over short distances, eg. 
1 or 2 grain diameters, were recorded as movements, since they fall into the 
category of particle dislodgement used to define movement in the visual method 
(section 3.4.6.1). (2) the threshold of particle movements set to define 
entrainment was small, and the above random movements may produce particle 
counts not representative of the bed mobility, resulting in critical flows being 
defined for lower values than appropriate. This is especially applicable to the 
unimodal bed, for which minimum movements associated to the threshold 
condition were particularly small (N = 4). This value of N resulted from limiting 
the observation interval to 180 seconds (similarly to Haynes and Ockelford, 2008) 
to reduce the potential impact of data collection periods on flow history, and to 
a size of observation area that allowed reliable identification of moving particles 
(section 3.4.1).  
 
Entrainment threshold values obtained with both reference transport methods 
Parker et al. (1982a), complemented by the equation proposed by Wilcock and 
Crowe (2003), and Shvidchenko et al. (2001) follow the same trends (Fig. 4-7), 
although values for the second entrainment criterion are consistently higher 
than RTM-P. The similarities of trends are due to the fact that both 
methodologies are based on the same data sets, bedload transport rates. In the 
case of RTM-P calculations are based on volumetric rates, whereas for RTM-S 
they are based on mass rates. However, the values of τcr result from the 
application of the entrainment criteria set by each procedure (Wi* = 0,002 and 
qbi* = 0.0001 for RTM-P and RTM-S respectively) and thus, critical shear stresses 
are an average of 12-15% higher for the RTM-S than for the RTM-P. Shvidchenko 
et al. (2001) expressed this differences in the entrainment values using the 
equation θcri Parker = 1.20 [θcri Shvidchenko]
1.09, obtained theoretically when the 
dimensionless bedload transport rates Wi* and qbi* are combined together with 
their corresponding threshold limits (0.002 and 0.0001). The data from this study 
produced the empirical expression θcri Parker = 1.23 [θcri Shvidchenko]
1.10 for the 
combined data from Stage 1 and Stage 2. The small differences in the 
parameters are due to the variability introduced by the visual fitting of the 
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equations used in this thesis. It is re-stated that visual fitting has been used for 
the application of the reference transport method by Shvidchenko et al. (2001), 
Saadi (2002), Wiclcok and Crowe (2003), and thus, the procedure used in this 
thesis is consistent with previous authors. 
 
Although the RTM-P has been selected here as the main procedure/criterion for 
the estimation of entrainment conditions and calculations, methods based on 
analysis of bedload samples (RTM) are not exempt from challenges. 
Dimensionless transport rates are calculated using actual sample sizes and 
compositions; which are entirely based on collected material. However, as 
pointed out by Hassan et al. (1991) and Church and Hassan (1992), there is a 
size-preferred component in grain travel distances. They suggested that, at near 
threshold flows, finer particles tend to be trapped in the bed, reducing 
differences in travel distances among grain sizes; whereas distances of coarser 
material depend mainly on size and inertia. At high flows, when general bed 
mobilisation occurs, particles are freer to move and smaller grains outrun larger 
ones. Allan and Frostick (1999) also discussed the overpassing of coarser material 
farther downstream than finer classes. Thus, all grains mobilised by certain flow 
may not reach the trap during the time that flow acts over the bed. As a 
consequence, the next sample may contain particles that were entrained and 
transported by the smaller flow but could not reach the trap during the previous 
flow step. The process described by Hassan et al. (1991) and Church and Hassan 
(1992) would produce size segregated samples, with the consequent distortion of 
bedload composition. Although these effects are less likely to occur in short 
flumes like the one used in this research, the use of equally spaced sediment 
traps along flumes, especially long ones, would provide distributed samples and 
will aid to quantify the effect of particle travelling times on entrainment 
definition. The extra effort by this division of the flume would be offset by the 
additional data directly related to the variation of bed composition and particle 
travelling distances. To the author’s knowledge, no such experiments have been 
conducted to date. 
 
As a consequence of the uncertain trends recorded for threshold flows (sections 
4.2.1 and 4.3.1), predicting bed entrainment thresholds after certain 
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acceleration rates have been applied over granular beds, similarly to Paphitis 
and Collins (2005), is currently unachievable. However, both the values and 
durations of flow history do have a considerable effect on bed mobility, both, in 
terms of entrainment flows and the amount of solid transport produced (sections 
4.2.5 and 4.3.3). This last aspect is of particular relevance, as it appears to 
generally apply regardless the bed composition. 
 
4.4.2.2 Critical shear stress and bed surface composition 
Bed surface composition data was obtained by counting coloured grains over a 
fixed bed surface area, which is equivalent to bulk sampling (Kellerhaus and 
Bray, 1971). The method was first developed by Wilcock and McArdell (1993). 
Here, a sensitivity analysis to the minimum number of grain counts was 
undertaken (section 3.4.3), showing that 100 counts per image provided 
consistent results. The method was further contrasted against two different 
procedures: a) digitations of b-axis and b) surface sampling using soft plasticine. 
Results from these comparative studies also showed the suitability of the 
method proposed. An extensive data set was then produced, with surface grain 
size distributions available for a range of water discharges. Thus, the evolution 
of the bed surface composition could be analysed. 
 
Although by definition, antecedent conditions were made up of sub-threshold 
flows, the antecedent periods were hypothesised to affect surface composition, 
especially towards the fine end of the distribution. It would appear that the test 
flow histories applied were not sufficient to produce noticeable changes of bed 
composition, similarly to Marion et al. (1997), Pender et al. (2001), Haynes and 
Pender (2007) and Haynes and Ockelford (2008). The observed small changes in 
size composition of the unimodal bed during antecedent conditions could be 
explained as follows: Qref was defined based on the modal size class, containing 
D50 (Wilcock et al., 1996), and therefore, other particles sizes may be mobilised 
during the flow history period at lower discharges (Paphitis, 2001; McEwan et al. 
2004). This is demonstrated by the ratios of τcri/τcr50 (Fig. 4-21), showing how 8-
11.3 mm class moves at lower discharges than D50, and that finer classes are 
proportionally more resistant to mobilisation, suggesting hiding effects (Parker 
and Klingeman, 1982; Andrews and Parker, 1987; Wu et al., 2000). The observed 
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reduction of fine content in both, bed surface and bedload samples (sections 
4.2.3 and 4.2.4), leads to conclude that fines penetrate below the surface (Allan 
and Frostick, 1999; Frey and Church, 2009). 
 
Some of the results suggest that there might be a link between critical flows and 
fine content of the bed (section 4.2.3.3), possibly related to an optimum 
content of fines on the bed surface (Fig. 4-17). Authors like Haynes and Pender 
(2007) already suggested this link. However, data did not show a consistent 
pattern between fine contents and entrainment thresholds. It is possible that 
the content of fines of the mixture used was too small (D < 2 mm 4%, D < 4 mm 
17% of bulk mix, Table 4-13) to provide sufficient data on the link between bed 
resistance and bed size composition during sub-threshold antecedent flows. 
Wilcock and Crowe (2003) showed that the sand content affects the entrainment 
threshold of the bed median size, which reduces as the sand content increases. 
The sand (D < 2 mm) content of Saadi’s (2002) bimodal mixture was 25% and that 
of D < 4 mm was 35%, the same percentages for the unimodal bed used by 
Haynes and Ockelford (2008) were 7.5% and 30% respectively. In contrast, the 
coarse mixture used by Shvidchenko et al. (2001) was of similar composition to 
the unimodal sediment used in this thesis (D16 = 3.8 mm, D50 = 6.4 mm, D84 = 9.1 
mm and σg = 1.5). It is possible that the unimodal mixture used in this thesis may 
not have sufficient fines to support a strong link of bed composition and 
stability.  
 
Reference D < 2 mm D < 4 mm 
Shvidchenko et al. (2001) 3% 12% 
Saadi (2002) 25% 35% 
Haynes and Pender (2007) 20% 47% 
Haynes and Ockelford (2008) 7.5% 30% 
This thesis 4% 17% 
Table 4-13. Summary of fine content of sediments used by other researchers. 
 
The analysis of fine content based on the values of pi/fi was also affected by the 
very small percentage of small size classes on the bed, where values of pi or fi 
were often zero or near zero, limiting the extent of the analysis for these fine 
classes. A larger proportion of fines (D < 4 mm) may have produced clearer 
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correspondence between fine content and bed stability (Kuhnle, 1993; Wilcock 
and McArdell, 1997). 
 
It is interesting to note that other studies on the effect of antecedent conditions 
on bed mobility using graded mixtures also showed a reduction of bed resistance 
due to antecedent conditions when the duration of exposure to flow increased 
beyond that which produced the highest entrainment thresholds (Saadi, 2002; 
Monteith and Pender, 2005; Haynes and Pender, 2007) (section 4.2.1); a 
consistency that it is remarkable since these studies include constant and time-
varying flows, and entrainment values were estimated using the reference 
transport and the visual methods, although not simultaneously. This behaviour 
may be related to a continuous loss of fines from the bed surface and the effect 
of finer particles on the resistance of individual coarser grain (Andrews and 
Parker, 1987; Kuhnle, 1993; Church et al., 1998; Saadi, 2002; van Rijn, 2007b). 
 
4.4.2.3 Resistance to entrainment and bed structure 
Since bed surface composition, the presence/absence of fines or the general 
slight coarsening of the bed surface of the unimodal bed do not show clear 
correspondences with thresholds, other forms of bed reorganisation may be 
responsible for the changes in entrainment flows observed. Pender et al. (2001) 
reported fine percolation as one of the mechanisms occurring during their 
experiments. McEwan et al. (2004) suggested that particle rearrangements 
increased bed stability, and that bed restructuring dominated over changes of 
bed surface composition; hence, supporting the suggested link between 
antecedent conditions, entrainment and grain orientation. Paphitis and Collins 
(2005) and Haynes and Pender (2007) pointed at small-scale grain reorientation 
and increased imbrication as responsible for higher bed stability. Cooper et al. 
(2008) showed that the same bed composition resulted in different bed hydraulic 
characteristics (higher roughness) and flow conditions (lower velocity values) 
after a rotation of 90º of the bed without any changes of bed surface 
composition or elevation. Thus, bed structure and grain orientation affect 
entrainment under constant grain size distribution. 
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The results of bed surface structure based on coarse grains (section 4.2.8) 
presented here suggest a link between the areal distribution of coarse particles 
and entrainment thresholds, with a secondary role of the abundance of these 
grains on the bed surface. These results are interpreted as follows: granular beds 
with more scattered coarse particle distribution are more resistant to 
mobilisation than those with the same proportion of coarse particles but with 
groups of grains already formed. These results appear to contradict Hassan and 
Reid (1990), Hassan and Church (2000) and Frey and Church (2009), who 
reported increased bed stability with the presence of clusters. It is suggested 
here that the abundance, size and concentration of these clusters may influence 
bed stability. This point may be illustrated by an idealised example. If all grains 
corresponding to D90 were collected over a small area of the bed surface, this 
coarse patch will be very stable; however, the rest of the bed surface will be 
unprotected and thus easily mobilised. If instead, the same number of D90 
particles were distributed evenly over the bed surface, they may be more 
moveable as individual grains but the bed will be better protected against 
entrainment due to the sheltering and hiding effects that these coarse grains 
have over finer particles (Parker and Klingeman, 1982; Reid and Frostick, 1986; 
Andrews and Parker, 1987; Church et al., 1998; Wu et al., 2000). If we 
considered the smaller, more spatially distributed 8–11.3 mm grains in this study 
as scaled down field cluster units, the more numerous they are, the more 
resistant the bed is. Thus, the findings of this study and those by Hassan and 
Reid (1990), Hassan and Church (2000) and Frey and Church (2009) are in 
agreement. It is also noted that, in the case of the flume data presented in this 
thesis, clusters were considered formed by a single size class (8 – 11.3 mm), 
whereas in the above references they are composed of a variety of sizes. This 
differentiation is determined by the single class painted in UV paint studied.  
 
In the case of uniform and near-uniform gravels, local rearrangement may be 
responsible for the observed bed strengthening, as the possible effects of fine 
content do not apply to well sorted beds. This process may also be linked to the 
monotonic increase of bed resistance with flow exposure duration (smaller 
acceleration rates) shown by the VM results followed by an approximately stable 
value (Fig. 4-43). The increased imbrication of individual particles occurring in 
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well sorted gravels suggested here (Paphitis and Collins, 2005; Ockelford and 
Haynes, 2008) is unlikely to be reversed by a large extent due to the continuous 
action of fluid forces. This may explain the differences in τcr based o the visual 
method observed between the graded and well sorted beds tested. 
 
Based on the results of this thesis and the findings of previous researchers, there 
appears to be two common actions of sub-threshold antecedent conditions on 
granular beds: (1) small scale vibration of grains and (2) in-situ particle 
reorientation (Allan and Frostick, 1999; Paphitis and Collins, 2005; Haynes and 
Pender, 2007, Ockelford et al., 2010). However, the impacts of these effects 
depend on bed size composition. If beds have a variety of sizes, fines will 
penetrate into the bed aided by the vibrations and reorientation of larger 
particles, which create the spaces and paths for the fines to travel down into 
sub-surface layers (Frey and Church, 2009). If this process continues, bed 
stability increases, with the bed reducing its fine content to a possible optimum 
proportion. If sub-threshold flows continue either longer duration or in higher 
magnitude, increasing amounts of fines disappear from the bed surface. Coarser 
grains will then loose the support that fines provide by direct contact and filling 
the interstices and coarser grains will be more easily entrained (Kuhnle, 1993; 
Haynes and Pender, 2007), resulting in a reduction of the general bed stability 
found in the experiments using graded bed material (Fig. 4-6). If beds are well 
or very well sorted, the presence of finer sizes is minimal, and only the process 
of local particle rearrangement takes place during the antecedence phase, 
which will likely increase imbrication and compactation (Saadi, 2002; Paphitis 
and Collins, 2005; Ockelford et al., 2010). If flow action continues, this 
strengthening process continues until a limit is reached by which all the 
potential imbrication and interlocking is achieved, resulting in no additional bed 
stability for longer antecedent conditions (Haynes and Ockelford, 2008), 
consistent with the levelling off of τcr observed for this type of bed (based on 
VM). 
 
4.4.2.4 Bed roughness 
Changes in entrainment thresholds and bed surface hydraulic roughness were 
analysed in relation to bed surface composition and flow antecedency. After 
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demonstrating that bed surface composition did not change noticeably (section 
4.2.3), similarly to Pender et al. (2001) and Haynes and Ockelford (2008), it is 
argued that changes of bed structure, eg. particle reorientation, may be 
responsible for the observed changes of threshold flows and roughness. Cooper 
et al. (2008) showed that roughness parameter ks, obtained from applying the 
Clauser method to spatially-averaged velocity profiles recorded with PIV, 
increased between 50-60% when beds were rotated 90º, i.e. bed particles were 
reoriented without any change of bed surface composition or bed elevation. It is 
possible then, as suggested by Paphitis and Collins (2005), Haynes and Pender 
(2007) and Haynes and Ockelford (2008), that the action of sub-threshold 
antecedent conditions, represented in this research work by flow acceleration 
rates of hydrograph rising limbs, affect particle position characteristics in such a 
way that alter entrainment conditions. These possible particle reorientations 
may also affect grain imbrication and friction angle, which in turn are related to 
bed stability (Ashworth and Ferguson, 1989; Church et al., 1998; Paphitis and 
Collins, 2005). The link between bed resistance to entrainment and structural 
changes of the bed is more likely to be of primary importance for uniform beds, 
where changes of grain size composition are not possible (Ockelford et al., 
2010). However, since detailed bed surface structure data is not available for 
this study, the above explanation remains to be confirmed for the experiments 
presented.  
 
The bed hydraulic roughness z0 data obtained from the velocity profiles indicates 
that there are differences in behaviour between bed grades. In the case of the 
unimodal bed, values of the ratio of z0 after and before antecedent conditions 
are applied are approximately 0.8, 1.2 and 0.25 for the durations of 0.5h, 2h, 
and 6h respectively; whereas in the case of the uniform gravel the same ratios 
are approximately 3.4, 1.5 and 0.9. These results suggest that beds are 
hydraulically smoother for the longest periods of sub-threshold flows (resulting 
from particle reorientation), while the effect of short durations of antecedent 
conditions is less consistent and depends on bed sorting. A common result is that 
both bed compositions produce rougher beds (20-50%) when increasing sub-
threshold flows act for 2h. 
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The assessment of the evolution of bed roughness with antecedent conditions 
was based on a small data set and extraction of general conclusions might be 
premature. Of particular relevance is the difficulty of capturing small changes of 
velocity data near the bed, as the quality of the data, defined by the 
velocimeter correlations, were lower than the widely used threshold of 70% 
(section 3.3.1); excluding these data points form the calculations. This limitation 
of the data available often reduced the data range to a minimum of 
approximately 0.3z/h, above the commonly used limit of applicability of the 
logarithmic profile, 0.2z/h (Nezu and Nakagawa, 1993, Graf, 1998; Dey and 
Raikar, 2007). This minimum elevation conditioned by the ADV correlations 
eliminated velocity data that is most likely to reflect changes of bed roughness 
as they are closest to the bed. Therefore, the analysis of the impact of 
antecedent conditions on bed roughness presented here is inconclusive and the 
question whether acceleration rates make the bed rougher or smoother and 
therefore impact on bed entrainment remains unanswered. However, the 
analysis of bed topography undertaken by Pender et al. (2001) shows that the 
frequency distribution of bed elevations expands its tails and reduces its peak 
with the duration of flow exposure. This indicates that bed surface becomes 
more irregular, with larger troughs and crests, resulting in higher Manning’s 
roughness parameters found by these authors (Ockelford et al., 2010). 
 
4.4.2.5 Bedload composition and grain mobility 
The disappearance of fines from the bed surface is suggested as one of the 
elements affecting bed stability and entrainment values. Those fine particles 
can either be entrained and transported as bedload, being collected in the trap, 
or, as discussed, penetrate further into the bed aided by the small in-situ 
movement of larger particles that create paths for fines to reach the bed sub-
surface layers (Allan and Frostick, 1999; Frey and Church, 2009). Fig. 4-51 shows 
the ratio of bedload fine content (D < 4 mm) for each flow step over the average 
proportion of fines across the corresponding run. Generally, the experimental 
data display a decreasing trend for low-medium flows (up to 35-40 l/s), changing 
to an upwards trend for the largest flows. This could be interpreted as a general 
reduction of fine content of bedload samples during antecedent conditions, 
increasing again for flows applied during the stability test.  
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Fig. 4-51. Ratio of fine content of bedload for each flow step over the average fine content 
throughout the entire run. Stage 1 only. 
 
The continuous reduction of the ratio of fines of the bedload samples with 
increasing discharges indicated in Fig. 4-51 suggests a progressive exhaustion of 
fines available for transport during antecedent conditions, either by entrainment 
and transport of the most unstable grains or by particle percolation below the 
bed surface, or a combination of these two (Parker et al., 1982b; Allan and 
Frostick, 1999; Pender et al., 2001; Frey and Church, 2009). As flows continue to 
increase during the stability phase, when the entrainment threshold is 
overcome, larger particles are mobilised, uncovering the fines below (Parker et 
al., 1982b; Ashworth and Ferguson, 1989; Bathurst, 2007), thus, increasing back 
the proportion of fines on the bedload samples (Fig. 4-51). 
 
It is noted that the values of this ratio of fine content are around 2 for 25 l/s, 
indicating a proportionally large percentage of fines for this flow and possibly for 
previous lower flows during the test hydrographs. Authors such as Wiclcok and 
McArdell (1997), Church et al. (1998), Hassan and Church (2000), Haynes and 
Pender (2007) and Bathurst (2007) showed that bedload composition tends to be 
proportionally finer than the bed surface size distribution during sub-threshold 
flows, where size selectivity dominates bedload, with solid transport 
approaching equal mobility as flows increase and coarser size classes are 
entrained (Ashworth and Ferguson, 1989). 
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The analysis of the values of pi/fi indicated that for flows larger than 
approximately 30 l/s (value very close to the bed reference entrainment flow 
Qref = 31.5 l/s) the mobility of the size classes is clearly identifiable, with 5.6-8 
mm and 8-11.3 mm classes having proportionally larger presence on the bedload 
samples than their percentages of the bed composition (pi/fi > 1). The remaining 
size classes are under-present in the bedload samples, suggesting that hiding 
effects act to reduce the mobility of the classes finer than 5.6 mm and the 
submerged weight of the largest size 11.3-16 mm makes this class largely 
immobile, particularly during flows < 30 l/s (Fig. 4-18). Data of Dx/averageDx 
contained in Fig. 4-20 shows that bedload composition becomes coarser as flows 
increase during the antecedent conditions, reaching approximately constant 
values (1-1.1) for the stability test period. These results indicate that finer 
classes were initially mobilised during the sub-threshold antecedent periods and 
once the bed became mobile all size classes were mobilised in similar 
proportions throughout the stability test. 
 
4.4.2.6 Bedload predictions 
The reduction of total bedload transport during the stability test with 
entrainment threshold is a key finding of this research, as it highlights that the 
change of bed entrainment threshold does not only affect the beginning of 
particle movement but also the subsequent mobility of the bed under larger 
flows. This has considerable consequences for river managers as it clearly 
demonstrates a reduction of the solid transport of beds that have been stabilised 
through flow history (Reid et al., 1985 and Reid and Frostick, 1986). One might 
assume that total bedload transport would be the same once critical conditions 
are reached. However, data presented here demonstrate that solid transport can 
be over one order of magnitude lower for the same flows if the bed has been 
strengthened by flow history (Fig. 4-27). Thus, there is an argument for bedload 
transport equations to consider this effect of antecedent conditions in their 
expressions (Paphitis and Collins, 2005; Monteith and Pender, 2005).  
 
The proposed new set of equations for the estimation of transport rates and 
entrainment thresholds (section 4.2.6) could be used to estimate the values of 
τcr to input in the proposed bedload equation (Chapter 5), as only total bedload 
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data is required. It is noted however, that the curves of bedload rates predicted 
here approach a common value for τcr ≈ 5 Pa (Fig. 4-29); so for large flows the 
effect of flow history on bed mobility appears to decrease. Equation 4-3 can be 
used to estimate entrainment thresholds without using any of the more complex 
stability criteria available, particularly the reference transport methods, which 
require difficult to obtain values of bed surface composition and fractional 
transport rates, especially in the field. The power law method for estimating τcr 
proposed here (section 4.2.6) relies only on the quantification of total solid 
transport rates (kg/m/s) for each discharge, which in field is much easier to 
assess using calibrated weighing cells (Reid and Frostick, 1986). Plotting values 
of total bedload transport rate qb against τ will allow the estimation of τcr that 
provides the best fit of the data (Fig. 4-29). The results obtained have been 
demonstrated to be equivalent to those by the extensively used Parker et al.’s 
(1982a) reference transport method. However, the proposed method must be 
tested under a much wider variety of conditions, scales and bed compositions 
than those available through this PhD alone to be accepted as universally 
applicable. 
 
A summary of the main findings so far is below: 
 
• The effect of sub-threshold antecedent conditions on the stability of 
granular beds has been demonstrated, with entrainment threshold being 
affected by the duration and intensity of the test flow hydrographs. 
 
• There appears to be a dependency of the results of τcr on the 
methodology used. 
 
• Data indicates that there are differences in the response of granular beds 
to antecedent conditions depending on their size composition and sorting, 
with increased imbrication for the well sorted beds and winnowing of 
fines and grouping of some larger, proportionally more mobile grains for 
the graded bed tested. 
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• A relationship between fine content of the bed surface with stability of 
grains has been suggested, although the characteristics of the bed 
(insufficient fines) and inconclusive data prevent this link to be 
confirmed. 
 
• The sub-threshold antecedent conditions tested reduce bedload quantities 
due to their strengthening effect on granular beds. This influence of 
antecedent conditions continues to act for flows during the larger 
discharges of the stability test; the result of this influence is lower 
bedload transport rates qb for the same discharges as the entrainment 
threshold of the bed increases due to the acceleration rates tested. 
 
• A new method for the estimation of entrainment threshold τcr based on 
total bedload transport rates has been developed. Its results are 
comparable to Parker et al.’s (1982a) reference transport method with 
the key advantage that no bedload composition data is required. 
 
All the above collection of results and the subsequent analyses contained in this 
chapter are aimed at studying the link between sub-threshold antecedent 
conditions, as rising limbs, and bed entrainment, with the goal of improving 
bedload transport estimates. The following chapter compares the solid transport 
predictions from a number of bedload transport equations and analyses the 
impact that different entrainment thresholds have on equation performance. 
Since it has been demonstrated that sub-threshold flow characteristics affect 
values of τcr, Chapter 5 will study the influence of the values of τcr on bedload 
predictions. 
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5 Comparison of bedload transport equations 
5.1 Introduction 
Results presented in Chapter 4 showed the bedload transport rates for the same 
flows vary depending on the degree of bed stability, defined by the new critical 
bed shear stress, achieved by antecedent conditions. A new method for assessing 
critical conditions based on total bedload transport data was also presented and 
discussed. This method had the major advantage of easy applicability with 
minimal data and calculation requirements. 
 
In this chapter, the performance of a number of well known bedload transport 
equations will be tested against a proposed new formulation obtained based on 
the laboratory data presented in this thesis. Since bedload rates have been 
shown to vary depending on the magnitude and duration of antecedent 
conditions (section 4.2.5), this chapter is dedicated to test how close some 
equations available in literature represent the laboratory data set. Since 
entrainment threshold in these equations is estimated solely based on bed grain 
size distribution data and bed slope without accounting for antecedent 
conditions, their ability to reproduce the flume data is a benchmark for the 
proposed equation, this new formulation allows the input of τcr that is not based 
“One finger cannot lift a pebble”    -
American Indian Proverb. 
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on grain size distributions but on estimations of τcr, like those obtained using 
equation 4-3. As an example, Fig. 5-1 shows 3 data series covering the range of 
entrainment threshold obtained for the sand-gravel mixture under different test 
hydrographs. Data clearly show that for the same bed shear stress τ total 
bedload transport rates qb reduce as the entrainment threshold τcr increases, 
with values of qb approximately 1 order of magnitude smaller when τcr increases 
from 3.13 Pa to 3.71 Pa (Fig. 5-1). Data collapse into a single curve when plotted 
against the ratio τ/τcr. It is noted that transport conditions for the experiments 
carried out and presented here correspond to marginal and partial transport, 
with relatively low transport rates and where size selectivity may apply 
(Wilcock, 1997; Powell et al., 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-1. Differences of bedload transport with critical bed shear stress τcr (Pa). A) Plotted 
against τ and, B) Plotted against τ/τcr. Note the collapse of the data and equation results in B). 
X-axis in linear scale in both cases. 
 
The aim of this section is not so much postulating a new bedload transport as to 
explore the effect of changing critical shear stress on equation results. The 
equation proposed in this study shares some characteristics with existing 
formulations (eg. Parker, 1990, Wilcock and Crowe, 2003, Recking, 2010) in 
terms of structure; i.e. the division of the equations in two “sections”, one for 
low/moderate qb and another for large transport rates (section 5.3). This 
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common equation structure suggests a general expression of the bedload 
transport equation may be adopted. However, the equation proposed is a 
simplified form in the sense that τcr is defined by the user and not by bed 
characteristics like, for example, the equations proposed by Wilcock and Crowe 
(2003) and Recking (2010) (section 5.3). 
 
5.2 Available equations 
A wide variety of bedload transport equations has been developed, based on 
laboratory and field observations. Common to all formulae is a functional 
relationship between bedload rate, hydraulic forces and a representative bed 
particle size (Ackers and White, 1973; Carson and Griffiths, 1985, 1987; van Rijn, 
2007a; Yadav and Samtani, 2008). Different approaches have been used to 
develop transport equations: (1) empirical relationships between bedload and 
flow intensity (Q, τ or θ) (Meyer-Peter & Müller, 1948; Wilcock and Crowe, 
2003), (2) based on dimensional considerations (eg. Shields, 1936), and (3) semi-
theoretical schemes based on particle mechanics (Einstein, 1950; Garde and 
Ranga Raju, 1977; Wiberg and Smith, 1989). Here only the first group will be 
considered, since it is the most widespread type of equation available. 
 
The approaches based on mean flow intensity use a wide variety of measures of 
that intensity, including: total or unit discharge Q or q (Hassan and Woodsmith, 
2004; Barry et al., 2008); stream power ω (Bagnold, 1980; Ashmore, 1988); bed 
shear stress τ (Parker, 1990; Wilcock and Crowe, 2003); and, Shields parameter θ 
(Meyer-Peter & Müller, 1948; Zhang and McConnachie, 1994; Recking, 2010). 
Many of these equations include a threshold term to represent the minimum 
amount of hydraulic force acting on the grains required to initiate motion. It is 
generally considered that below this threshold sediment transport does not 
occur in measurable quantities (Wilcock and Crowe, 2003) or at all (Meyer-Peter 
& Müller, 1948). The excess force can be expressed as difference [eg. ω- ω0 
(Bagnold, 1977, 1980)], as a ratio [eg. τ/τcr (Wilcock and Crowe, 2003), θ/ θcr 
(Parker, 1990; Recking, 2010)], or a combination of both [eg (τ-τcr)/τcr (Yalin, 
1963)]. Equations that consider excess flows (or stress) as a difference, eg. 
Bagnold (1980), are not applicable below the threshold; however, as discussed 
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by Reid and Frostick (1986), McEwan et al. (2004) and Vericat et al. (2008), 
sediment transport occurs well below the bed entrainment threshold, albeit in 
small quantities (marginal transport); while equations that express excess forces 
as a ratio, eg. Parker (1990), are capable of producing bedload at shear stresses 
below threshold. 
 
The threshold of motion is a key parameter in many bedload equations. As 
Buffington and Montgomery (1997) discuss, small errors in τcr due to uncertainty 
caused by the method applied can cause significant errors in bedload transport 
rate estimates. However, a single value of flow intensity at particle entrainment 
is not just a disputed concept (Lavelle and Mofjeld, 1987), it is also difficult to 
define (Buffington and Montgomery, 1997) and measure (Carsons and Griffiths, 
1985; Reid and Frostick, 1986; Bathurst, 2007; Recking, 2010), and its value 
depends on a range of particle parameters such as shape, size distribution, 
armouring, imbrication, etc. (Parker et al., 1982a; Carsons and Griffiths, 1985; 
Carling et al., 1992; Buffington and Montgomery, 1997; Church et al., 1998) 
(Chapter 2); and on the methodology and criterion followed (Buffington and 
Montgomery, 1997) (Chapter 4). Furthermore, entrainment thresholds are not a 
fixed characteristic of a certain bed size distribution and flow condition, but 
they change depending on flow history (Reid and Frostick, 1986; Paphitis and 
Collins, 2005; Haynes and Pender, 2007; Haynes and Ockelford, 2008). Thus, 
bedload predictions based on a single estimate of τcr calculated for a particular 
bed size, eg. D50, may not be appropriate.  
 
Despite considerable effort over nearly a century, bedload transport equations 
have often been reported to have limited success when tested against materials 
and conditions different to those for which these equations were developed. 
Large under- and over-predictions are both found (Reid and Frostick, 1986; 
Wiberg and Smith, 1989; Batalla, 1997; Gomez and Church, 1989; Wilcock and 
Crowe, 2003; Frey and Church, 2009). Added to this, is the difficulty of 
extending results obtained using uniform beds to multi-sized sediment, even 
when they share particle median sizes (Wu et al., 2000; van Rijn, 2007b; 
Recking, 2010) as particle interaction, imbrication, hiding effects and size-
selective transport affect grain mobility. Thus, there is still no bedload transport 
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formulation universally applicable to a range of bed compositions and flow 
conditions (Bathurst, 2007). 
 
One of the aims of this research is to suggest ways of improving predictions of 
entrainment and sediment transport quantities. Data in Chapter 4 show a link 
between flow history and entrainment threshold; however, these data did not 
show a sufficiently well defined trend to allow consistent predictability of τcr 
with antecedent conditions. Thus, an alternative approach to correcting existing 
formulae was adopted here. Instead, a new simplified formula was explored. It 
was based on the equation fitted to Wi
* data, which collapsed to a single line 
when plotted against τ/τcr (Chapter 4). During the analysis of bedload samples, 
an equation was developed that appeared to accurately represent total sediment 
transport with the ratio τ/τcr (section 4.3.5). In this chapter, the predictions of 
such equation are tested against other formulations and additional data 
collected from past publications (Bagnold, 1980; Reid and Frostick, 1986). The 
procedure suggested is easy to apply. Crucially, it is not intrinsically associated 
to any particular representative bed particle size, but to a general entrainment 
threshold of the bed. This feature eliminates the need for complex and time 
consuming bed composition data collection and analysis. However, the equation 
only provides values of total bedload transport rates, and cannot be used to 
generate fractional rates. Nonetheless, bulk rates are often sufficient for a 
range of environmental and engineering applications. 
 
5.3 Equations used 
Six equations were selected for this comparative study, ranging from those 
obtained based on uniform and non-uniform beds and those providing predictions 
of total and fractional transport rates. These were, in chronological order: 
• Meyer-Peter & Müller (1948)  
• Shvidchenko et al. (2001) 
• Wilcock and Crowe (2003) 
• Recking (2010) for uniform gravel 
• Recking (2010) for non-uniform beds 
• The equation proposed in this study 
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Each equation was selected based on a range of reasons (Table 5-1).  
 
Equation 
Equation 
in this 
thesis 
Excess 
forces 
2-part 
equation 
Hiding 
term 
Slope 
term 
(1) 
Antecedent 
conditions 
correction 
Meyer-Peter & Müller (1948) Eq. 5-1 θ-θcr No No No No 
Shvidchenko et al. (2001) Eq. 5-3 θ/θcr50 No Yes Yes No 
Wilcock and Crowe (2003) Eq. 5-7 τ/τcri Yes Yes No No 
Recking (2010) eq. 5 Eq. 5-13 θ/θcr Yes No Yes No 
Recking (2010) eq. 12 Eq. 5-15 θ/θcr84 Yes Yes Yes No 
This study Eq. 5-18 τ/τcr (2) Yes No No Yes (3) 
(1) Inclusion of a slope correction term in any component of the formulation 
(2) Although no specific particle size diameter is proposed, data was obtained after applying 
reference transport method to the bed modal size class, which included D50; therefore, strictly, 
values of τcr correspond to D50. 
(3) Correction for antecedent conditions is not explicitly expressed on the equation; however, 
the complete methodology includes assessment of τcr after antecedent conditions were applied 
as discussed in Chapter 4. Values of τcr are modified by the user in order to fit the resulting 
curve; hence, including a correction for antecedent conditions. 
 
Table 5-1. Comparison of main features of bedload transport equations tested. 
 
Meyer-Peter & Müller (1948) was selected due to its historical relevance and 
because it expresses excess hydraulic forces as difference (θ-θcr). Shvidchenko 
et al. (2001) developed their bedload transport formulation based on laboratory 
data with a range of bed compositions among which was a coarse skewed, whose 
size characteristics were very similar to the unimodal sand-gravel mixture used 
in this thesis (D16 = 3.8 mm, D50 = 6.4 mm and σg = 1.5). This equation also 
included an explicit term for bed slope. Using a simpler formulation than Parker 
(1990) Wilcock and Crowe (2003) provides fractional transport rates with τ/τcr as 
independent variable. Despite being partly based on Parker (1990), Wilcock and 
Crowe (2003) provided fractional transport rates without the need to eliminate 
sand classes from bed composition, as Parker (1990) requires. Recking’s (2010) 
equations were tested since they were based on a large flume and field data set, 
which strengthened their potential wider applicability; Recking proposed two 
different equations for uniform or non-uniform beds. Equation 5 in Recking 
(2010) applies to uniform gravel sediments only; it does not include a slope term 
explicitly on the formulation but the value of θcr depends on bed slope. Equation 
12 in Recking (2010) does include a term of slope in addition to correcting values 
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of θcr with slope. Table 5-1 contains a summary of the main characteristics of 
the tested equations. Other equations such as Ackers and White (1973) and van 
Rijn (2007b) were available; however, the study presented here was constrained 
by the extent and objectives of this thesis. 
 
5.3.1 Meyer-Peter & Müller (1948) 
This well known equation has a basic form:  
2/3)( crθθχ −=Φ      Eq. 5-1 
where [ ] 5.03)1(/ Dgq sbvol −=Φ ρρ  is the volumetric Einstein dimensionless 
bedload parameter (Einstein, 1950), θ, θcr = Shields dimensionless shear stress of 
the flow and entrainment threshold respectively. A standard value of the 
coefficient χ  = 8 is often used; however, it has been noted that this value 
increases with shear stress, varying from 5-15 (Wiberg and Smith, 1989). Wong 
and Parker (2006) revised the original Meyer-Peter & Müller (MPM) equation 
using uniform gravels with arithmetic mean diameters Dm = 3.2-28.7 mm, 
suggesting χ  = 4.93 and an exponent 1.6 instead of 3/2, with χ  = 3.97 if an 
exponent equal to 3/2 was retained. 
 
The formulation of the traditional MPM equation given in Recking (2010) was 
used here. It explicitly includes a correction of the bed shear stress applied over 
the grains, provided by the ratio n’/n; with n’ = D90
1/6/26 particle roughness and 
n = total roughness calculated from Manning’s equation. 
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5.3.2 Shvidchenko et al. (2001) 
Shvidchenko et al. (2001) analysed the effect of slope on a range of bed granular 
compositions. They developed an alternative reference transport method and 
entrainment criterion based on the concept of probability and intensity of grain 
mobilisation. Based on visual fitting of their data they obtained the following 
expression for the Einstein bedload parameter for fraction i: 
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dimensionless bed shear stress, εi = hiding function (equation 5-4), S = bed slope; 
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With σg = mixture geometric standard deviation. 
 
Bedload transport rate in mass units is then: 
( ) 3* 1)//( issibibi gDfqsmkgq −= ρρρ     Eq. 5-6 
 
5.3.3 Wilcock and Crowe (2003) 
Wilcock and Crowe (2003) analysed fractional transport rates and entrainment 
thresholds, based on the application of Parker et al.’s (1982a) reference 
transport method, to obtain a bedload transport equation capable of producing 
fractional transport rates. This equation included a hiding function and a 
correction for bed sand content. They used 5 different sand-gravel beds with 
sand content between 6% and 34%. Their equation was partly based on Parker 
(1990) but differed from it in that it only had two sections, depending on the 
value of τ/τcr, as opposed to three in Parker (1990), and it did not require 
separation of the sand classes. They proposed the following set of equations for 
estimating dimensionless fractional transport rates Wi
* based on volumetric 
transport rate qbivol. 
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5.7* 002.0 φ⋅=iW    for φ  < 1.35 
⋅





−=
5.4
5.0
* 894.0
114 φiW  for φ  ≥ 1.35   Eq. 5-7 
 
where criττφ = ; ( ) 5.0
*
* 1
uf
qg
W
i
volbis
i
⋅
⋅−
=
ρρ
 
b
D
Di
cr
cri






=
5050τ
τ
    Eq. 5-8 






−+
=
50
5.1exp1
67.0
D
D
b
i
   Eq. 5-9 
 
)20exp(015.0021.050 Fscr −+=θ    Eq. 5-10 
Fs = proportion of sand on bed surface 
505050 )( gDscrcr ρρθτ −=     Eq. 5-11 
 
It is noted that Wilcock and Crowe (2003) defined Fs as “percent sand on the bed 
surface”. However, their Fig. 5 shows that Fs is actually the proportion of sand, 
not percent. 
 
The procedure for calculating solid transport begins with the estimation of θcr50 
and τcr50 using equations 5-10 and 5-11 respectively. The values of exponent b is 
calculated using equation 5-9, which is then used to estimate τcri for each size 
class using the mean class diameter Di. Values of Wi
* are then calculated 
(equation 5-7) for each φ . Finally, total mass transport rates are obtained using: 
∑∑ ⋅==
i
bis
i
bib volqweightqsmkgweightq ρ)//(    Eq. 5-12 
5.3.4 Recking (2010) 
In his comprehensive analysis of field and flume bedload transport data (over 
7000 bedload values), Recking (2010) proposed two equations, one for uniform 
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sediment (eq.5 in Recking, 2010) and the other for graded material (eq.12 in 
Recking, 2010). These equations are presented here. 
 
5.3.4.1 Uniform gravel 
9.12
00005.0 
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crθ
θ
 for crθθ < 2.3·S0.08  
45.214θ=Φ
  for crθθ > 2.3·S0.08    Eq. 5-13 
where =Φ  Einstein dimensionless volumetric transport rate (Einstein, 1950) and  
275.0
cr 15.0 S=θ  (eq.3 in Recking, 2010)   Eq. 5-14 
 
5.3.4.2 Non-uniform gravel 
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Equation 5-15 corresponds to eq.4 in Recking (2010), who recommends 
calculating L iteratively so the two parts of equation 5-15 have the same value 
at 8484 crθθ = L. Therefore, the mass transport rate is: 
[ ] Φ−⋅=⋅= 5.03)1()//( Dgqsmkgq sssbvolb ρρρρ    Eq. 5-17 
 
Note that the second parts of equations 5-13 and 5-15 are the same, with D84 
defining the bed size in the latter. Note also that the exponent in the first part 
of equation 5-13 is smaller than the equivalent exponent in equation 5-15. 
Although there is a correction factor representing hiding effects, ( ) SDD 185084 − , 
this is constant for each bed grain-size distribution and slope, and therefore, the 
rate of increase of Φ  is much smaller in equation 5-13 than 5-15. 
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5.3.5 This study  
The equation obtained for fitting dimensionless transport rates Wi
* during the 
estimation of critical flows (section 4.3.5) was used to predict transport rates. 
This takes the form: 
( )
1
1//
B
cr
b Asmkgq 





=
τ
τ
 if τ/τcr ≤ 1.3 
( ) 22// BAsmkgq
cr
b +





=
τ
τ
  if τ/τcr> 1.3  Eq. 5-18 
 
where, A1 = 8e-5, B1 = 16.0, A2 = 0.047 and B2 = 0.056. The values of the 
parameters were optimised for the data set presented. 
 
5.4 Methodology 
The analysis here is based on a comparison of the predictions provided by the 
equations presented above with the transport rate data set collected during the 
experimental phase. Equation results were obtained by applying the presented 
equations with the original parameters recommended by their authors. Thus, a 
test of the comparability of the present flume data with the data sets used by 
the cited authors is implicit. Transport rate data were plotted against the ratio 
τ/τcr, where τcr is considered the bed entrainment threshold (this corresponds to 
D50). The use of τ/τcr results in the collapse of the transport data, making 
comparison easier. In the case of equation 5-18 were a single value of τcr was 
required in the collapsed plot, the average critical bed shear stresses obtained 
in Stage 1 and Stage 2 τcr = 3.38 Pa was used. Similarly to Recking (2010), the 
performance of the best four performing equations was tested by calculating: (1) 
relative differences between observed data and equation results, and (2) the 
number of predictions that differ from the observed data more than ± 1 order of 
magnitude. Data for the Elbow River contained in Bagnold (1980) (originally 
collected by A. B. Hollingshead, 1968) and data from the Turkey Brook (Reid and 
Frostick, 1986; Ian Reid, pers comm. 2005) were also used to test equation 
performance. The comparison of flume and field transport rates and trends 
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provide a context of the data collected. All bedload transport rates are in 
kg/m/s. 
 
5.5 Results 
Results are presented here sequentially in the same order as the equations 
above. Equation predictions are initially qualitatively assessed, with a 
comparative quantitative analysis of their performance contained in the section 
5.6. 
5.5.1 Previous equations 
The Meyer-Peter & Müller (MPM) equation performs very poorly, with low 
transport rates particularly underestimated (τ/τcr < 1.5) (Fig. 5-2). Conversely, 
MPM appears to overestimate the highest rates (τ/τcr > 1.5); however, since the 
values of τ/τcr produced by the MPM equation are largely above those of the 
flume data set, the numerical assessment of this overestimation of hindered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-2. Comparison of data (Stages 1 and 
2) and results of Meyer-Peter & Müller 
(1948). 
 
The large deviation between 
observed and predicted sediment 
transport rates for low excess 
stresses is a consequence of the 
values of the Shields parameter 
given for the initiation of movement 
(θ = 0.047) and the general 
formulation of the equation, which 
does not produce solid transport 
until relatively large stresses (τ/τcr > 
1.25), increasing transport rates very 
rapidly thereafter. Poor performance 
of MPM has also been reported 
before (Reid and Frostick, 1986; 
Gomez and Church, 1989; Recking, 
2010), partly because MPM equation 
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was developed using uniform material and the adoption of a single  
grain size that is representative of graded beds is difficult (Recking, 2010). Wong 
(2003) revised the parameters in the MPM equation, with 4.93 and 1.6 instead of 
8 and 3/2 for the coefficient and exponent, respectively. This revised 
formulation produced little improvement over the original results (Appendix 8). 
 
Results from Shvidchenko et al. (2001) show that their equation underestimates 
bedload transport rates by approximately 1 order of magnitude. Equation results 
were drastically improved when the exponent of the slope term in equation 5-3 
is changed from -5.0 to -4.96 and the exponent of shear stress reduced from 18 
to 16. Shvidchenko (2000) say that bedload rates are “reasonably well 
represented” by his equation 4.11, which includes exponent = 18. Since eye 
fitting was carried out by Shvidchenko (2000), it is possible that the exponent 
may be sensitive to subjective fitting. Inspection of the graphs presented in 
Shvidchenko (2000) indicates that fitting of the lines is subject to author 
judgement. Therefore, a revised exponent 16 is adopted here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-3. Comparison of bedload transport data for the sand-gravel mixture and results from 
Shidchenko et al. (2001) with A) slope exponent -5.0 and, B) slope exponent -5.7.  
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Wilcock and Crowe’s (2003) equation determines fractional transport rates, 
which were added for the eight size classes in the bed to obtain total transport 
rates. Results from the original Wilcock and Crowe (2003) equation were 
comparable to the data for a narrow range of values of τ/τcr between 0.9 and 
1.1; with over and underestimations for τ/τcr < 0.9 and τ/τcr > 1.1 (Fig. 5-4) due 
to the low rate of increase of transport rates expressed by the exponent 7.5.  
 
Parameters Original (W&C, 2003) Modified W&C, 2003 
C1 0.002 0.002 
C2 7.5 16 
C3 14 14 
C4 0.894 1.029 
C5 0.5 0.5 
C6 4.5 2 
Split 1.35 1.3 
Table 5-2. Original and modified (this study) parameters of Wilcock and Crowe (2003) equation 
for bedload transport rates. Split corresponds to the value of Φ= τ/τcr that defines the use of 
each section in equation 5-7. The factor 0.002 must be preserved if the criterion Wi
* = 0.002, set 
by Parker et al. (1982a), is to be maintained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-4. Comparison of results from original 
Wilcock and Crowe (2003) set of equations 
and the same equation set modified in this 
study. 
A considerable improvement in the 
prediction of transport rates was 
achieved (Fig. 5-4) by using the 
modified parameter values (Table 
5-2) determined when applying the 
Parker et al. (1982a) reference 
transport criterion to the flume data 
(Chapter 4). The under-predictions 
of > 1 order of magnitude for τ/τcr > 
1.25 of the original W&C (2003) 
equation are eliminated by the 
equation with the revised 
parameters. The exponent C2 = 16 in 
equation 5-7 provided better 
representation of the rate of solid 
transport increase with τ/ τcr shown 
by the data. 
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Cui (2007) also modified the original Wilcock and Crowe (2003) parameter values 
and proposed a value of 14.2 for the exponent when φ  < 1 in order to increase 
the rate of growth of the curve for smaller excess shear stresses. Adjustments of 
C4, exponent C6 and the limit φ  defining the ranges of application of each 
equation (called split in Table 5-2) were also necessary. 
 
Recking (2010) introduced specific equations for uniform and non-uniform 
granular beds. Previous workers have also shown the need to take account of 
sediment sorting in bedload equations (eg. Wilcock and Crowe, 2003; van Rijn, 
2007b), or have introduced parameters designed to account for the degree of 
sorting (eg. Parker, 1990). Equations 5-13 and 5-14 were used to estimate 
bedload transport rates for the sand-gravel bed using D50 of the mixture 6.38 mm 
(average bed surface composition at the start of the antecedent conditions of 
Stages 1 and 2). Equations 5-15 and 5-16 were applied using the average of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-5. Comparison of data and results 
from Recking (2010) equation 5-13 applied 
to the unimodal sand-gravel bed using D50 
and equation 5-15 using θcr84 from equation 
5-16. 
initial beds of Stages 1 and 2 to 
represent the bed, giving D50 = 6.38 
mm and D84 = 8.88 mm. Values of θcr 
in all cases were obtained following 
Recking’s (2010) method applied to 
the experimental data.The results in 
Fig. 5-5 show that the application of 
Recking’s uniform bed equation 
outperforms the equation for graded 
material, with the uniform equation 
values and trend closer to the data, 
particularly for larger excess shear 
stresses. The latter produces large 
overestimations of qb up to 2 orders 
of magnitude as the ratio τ/τcr 
decreases. It is noted that median 
size D50 was used for the uniform 
gravel equation, whereas the 
equation for non-uniform material 
uses D84 as representative bed size;  
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and thus, it may be the case that D84 is not as representative of the bed 
behaviour as D50. Critical dimensionless bed shear stress obtained as the average 
of all runs for Stage 1 and 2 was 0.031 whereas θcr obtained with equation 5-14 
and D50 was 0.0378, approximately 14% higher. On the other hand, θcr84 from 
equation 5-16 was 0.0337, 45% higher than the experimental average of 0.0232. 
This larger discrepancy in entrainment threshold may be partly responsible for 
the differences observed. Further, the higher exponent (12.9) in the equation 5-
13 appears to be more adequate than the lower exponent (6.5) in equation 5-15. 
As in the case of the Wilcock and Crowe (2003) equation, a higher exponent 
represented the rate of increase of qb with τ/ τcr more accurately. 
5.5.2 New equation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-6. Comparison of data and results 
from equation 5-18 in this study. 
 
 
Transport rates calculated by the 
new equation 5-18 fit the data set 
better than any of the previous 
equations (Figures 5-2 to 5-5) (see 
section 5.6), particularly for τ/τcr > 
1.1 (Fig. 5-6). This good fit is 
expected however, since the 
equation parameters were optimised 
for this data set. It is noted that τcr 
represents the general bed 
entrainment threshold, taken in this 
case as τcr = τcr50. The parameters 
proposed for this equation were 
optimised to fit the entire data set, 
including both the uniform and 
unimodal beds (Table 5-3). Fig. 5-7 
shows the comparison between data 
and all the equations tested above.  
Equation 5-18 produces the best fit to the data, followed by Shvidchenko et al. 
(2001) with modified slope exponent (see section 5.6 for a comprehensive 
assessment of the performance of the equations). 
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Parameter Unimodal bed Uniform gravel 
A1 0.00008 0.00008 
B1 16 16 
A2 0.047 0.047 
B2 -0.056 -0.056 
Split 1.3 1.3 
 
Table 5-3. Optimised parameters (fitted visually) for the proposed bedload equation. 
 
Equation 5-13 generally follows the data but it would appear that a higher rate 
of bedload increase (curve slope) would be required. It is noted that the 
equations by Shvidchenko et al. (2001) and this study contain the highest 
exponent for the independent variable τ/τcr or θ/θcr (mathematically these 
ratios produce the same values), with values of 18 and 16 respectively. The 
corresponding exponent in equation 5-13 (eq. 5 in Recking, 2010) is 12.9, 
followed by 7.5 in Wilcock and Crowe (2003) and 6.5 for equation 5-15 (eq. 12 in 
Recking, 2010). When the exponent of Wilcock and Crowe (2003) equation was 
increased to 16, its performance improved noticeably. This clearly suggests that 
higher exponents are more adequate to represent the laboratory data presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-7. Comparison of bedload transport data and results from all the equations tested for A) 
Sand-gravel mixture and, B) Uniform gravel 
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Fig. 5-7 also shows the bedload transport rate data of the uniform gravel and the 
results produced by equations 5-13 and 5-18 using D = 4.8 mm. As before, 
entrainment thresholds θcr and τcr were calculated with equation 5-14 and 
average of relevant runs, with values 0.0378 and 3.16 Pa respectively. Results of 
equation 5-18 appear to produce best fit.  
 
5.6 Comparison of equation performance 
Comparison of the performance of the formulations tested was restricted to 
those equations that provided the closest representation of the data (Fig. 5-7). 
These were, for the unimodal mix: 
• Shvidchenko et al. (2001) with slope exponent equal to -5.7. 
• Wilcock and Crowe (2003) with modified parameters. 
• Recking (2010) eq.5 with D = D50. 
• Equation 5-18 (τcr = 3.38 Pa). 
And for the uniform gravel: 
• Recking (2010) eq.5  
• Equation 5-18 (τcr = 3.16 Pa). 
 
Following Recking (2010), calculated and observed transport rates (qbcal, qbobs) 
were compared (Fig. 5-8 and Fig. 5-9) so the accuracy of the bedload predictions 
could be quantified . The percentage of data points falling within a range of ±1 
order of magnitude (0.1 < qbcal/qbobs < 10) and 0.5 < qbcal/qbobs < 2 were also 
calculated (Table 5-4). 
 
For both types of bed composition, equations 5-13 and 5-18 (see caption of Fig. 
5-8) provided the best estimates of total transport rates, closely followed by the 
modified Shvidchenko et al. (2001) (Table 5-4). The first two equations have the 
same formulation structure: a constant factor multiplying the ratio θ/θcr or τ/τcr 
powered to exponents 12.9-16 respectively. Again, the ratios θ/θcr and τ/τcr are 
numerically the same. This common power law replicates observed data well for 
most of the bed stress range. However, the values and change of curvature of qb 
are more closely represented by equation 5-18, with equation 5-13 producing 
overestimates of qb (Fig. 5-7). 
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Fig. 5-8. Comparison of calculated and measured bedload transport rates for the four equations 
selected for the unimodal sand-gravel bed. Equation labelling is as follows: Modif. W&C (2003): 
equation 5-7 with modified parameters as described in section 5.5; Recking (2010) eq5 Unimodal 
D50: equation 5-13 using D50 of the bed; Modif. Shvidchenko et al. (2001): equation 5-3 with 
modified parameters as described in section 5.5. This study: equation 5-18. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-9. Comparison of calculated and measure bedload transport rates for uniform gravel. A) 
Recking (2010) eq.5 and B) This study. 
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Formulation % of data (1) % of data (2) 
Unimodal sand-gravel bed 
Modif. W&C (2003) 84.8 33.3 
Recking (2010) eq.5 D = D50 98.5 54.9 
Modif. Shvidchenko et al. (2001) 97.1 52.9 
This study (τcr = 3.38 Pa) 98.5 58.8 
Uniform gravel bed 
Recking (2010) eq.5 83.3 2.4 
This study (τcr = 3.16 Pa) 95.2 73.8 
 
Table 5-4. Percentage of calculated bedload transport rates for which (1) 0.1 < qbcal/qbobs < 10 
and (2) 0.5 < qbcal/qbobs < 2. 
 
The modifications introduced in the equations by Wilcock and Crowe (2003) and 
Shvidchenko et al. (2001), chiefly increase of exponents, dramatically improved 
the performance of the equations but was insufficient to outperform equation 5-
18. Values of residual errors qbcalc/qbobs (similarly to Fig. 7 in Wilcock and 
Crowe, 2003) were analysed for each of the four equations tested in Fig. 5-8. 
Data confirms the above assessment and shows that discrepancies between 
calculated and observed bedload rates decrease with τ/τcr (Appendix 8). The 
new equation proposed here outperformed all of the others, except Recking’s 
(2010) equation for uniform material; with Shvidchenko et al.’s (2001) and 
Wilcock and Crowe’s (2003) equations requiring modification of some of their 
parameters to fit the data more closely. The percentages of the data within ±1 
order of magnitude were over 95% for best performing equation sets. Recking 
(2010) reported values of 83-86% for his eq. 12 when applied to a large field data 
set from 33 streams in Idaho (King et al., 2004) and a second field data set 
collected from available literature (17 rivers). This equation could not reproduce 
the flume bedload transport values obtained for this research as closely as 
equation 5-18. The superior performance of equation 5-13 for uniform beds over 
equation 5-15 suggests that mobility of the beds tested here can be represented 
by a single particle size D50.  
 
All the tested equations predict a rapid increase in transport rates with shear 
stress for approximately τ/τcr < 1.5 (in the semi-log plot) and a drastic reduction 
of the rate of increase of qb for approximately τ/τcr > 1.5. This reinforces the 
adoption of formulations that include two parts, one for each range of τ/τcr. 
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Parker (1990), Wilcock and Crowe (2003), and Recking (2010) all include this 
separation. Hassan and Woodsmith (2004) report transport rates increasing 
rapidly close to threshold, but then increasing more slowly for flows above a 
higher break point in the curve, which they identified as bankfull discharge. 
Bathurst (2007) also described similar trend of qb; with steep lines following data 
near threshold values (lower flows or shear stresses) when qb is plotted on a log-
scale. This steeply rising line corresponds to the power laws of the first part of 
the bedload transport equations. For higher shear stresses, a more pronounced 
curvature is visible on the qb log-axis, reflecting a change of the form of the 
transport law, represented by the second equation part. The proposed bedload 
transport equation (equation 5-18) includes these elements in its formulation. 
 
It is noted here that this change of the rate of increase of qb with τ is not related 
to a reduction of transport rates, but slower rates of increase of qb with τ. 
Indeed, as bed shear stress rises bedload amounts will also increase but at a 
slower pace than when τ/τcr < 1.3-1.5 approximately. This value of the breaking 
point of the bedload equations may be related to the condition of partial-full 
transport, commonly reported to be τ/τcr ≈ 2 (Church et al., 1998; Lisle et al., 
2000). When bedload rates are plotted in linear axes (Fig. 5-14 and Fig. 5-15) 
transport rates for τ/τcr < 1.3-1.5 approx. are insignificant compared to those for 
τ/τcr > 1.5. The range between τ/τcr = 1.5 and 2 could be related to the 
transition of the bed from partial to full transport modes. The change between 
partial and full transport has been associated to breaking the armour layer 
(Wilcock, 1992; McEwan et al., 2004 and Bathurst, 2007), entraining not just 
larger amounts of particles but also coarser heavier grains, which, since qb is 
measured in mass units, contribute relatively more than finer classes to bedload 
quantities. In the case of the flume results presented, well developed armouring 
was not observed (although reduction of fines and a degree of bed surface 
coarsening was measured, section 4.2.3); thus, this increase of the bedload 
transport rates is associated to flows reaching the bed entrainment threshold, 
for which all grain sizes are mobilised. 
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5.7 Comparison with field data 
The equation proposed in this study was formulated and parameterised based on 
the data collected and reported in Chapter 4, hence its performance would be 
expected to be optimal against this data set. To provide an independent test of 
the best performing equations: Recking’s (2010) eq.5 and the one proposed 
here, these were tested against field bedload transport data from Turkey Brook 
(Reid and Frostick, 1986) and from Elbow River (reported by Bagnold, 1980). 
Turkey Brook data set is one of the very few that has been directly associated to 
the effects of antecedent conditions and flow history. A reduced section 
(approx. 55% of the total data set) of the Turkey Brook data was analysed. The 
data included mean unit bedload transport rate (kg/m/s, submerged mass), 
water discharge, average depth, average water surface slope S and hydraulic 
radius Rh collected during the period December 1978 - February 1979. Water 
surface slope and hydraulic radius data were used to estimate bed shear stress 
using SgRhρτ = (Fig. 5-10). Bedload rates were converted from submerged mass 
to dry mass for the analysis presented here. 
 
Estimates of qb (kg/m/s) were obtained from equations 5-13 and 5-18 using the 
median size of the surface layer D50 = 22 mm and average water surface slope S 
= 0.0083 (Reid and Frostick, 1986). Equation 5-14 was used to obtain an initial 
value of θcr, (0.0406) which was later corrected to test its influence on the 
results. The threshold for initiation of motion reported by Reid and Frostick 
(1986) was ω0 = 3.74 kg/m/s, which corresponds to τcr ≈ 21 Pa (θcr = 0.059). This 
value resulted in large underestimations (about 2 orders of magnitude) for τ/τcr < 
1 and large overestimations for τ/τcr > 1. When the value of ω0 = 3.74 kg/m/s 
was used, only 18% of the field flow data was above this entrainment threshold, 
so it is likely that the reported value of ω0 is excessively high. Alternatively, a 
value of θcr = 0.03 (Newson and Sear, 1998; Powell et al., 2001; Barry et al., 
2008) was adopted, resulting in τcr ≈ 10.7 Pa. Fig. 5-10 shows the comparison of 
the data and equation results. 
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Fig. 5-10. Comparison of Turkey Brook data and results from Recking (2010) eq.5 using θcr = 
0.0406 from eq.10 and optimised θcr = 0.03, and values from eq. 13 with θcr = 0.03. A) using 
excess shear stress τ/τcr and, B) using bed shear stress only. 
 
Equations 5-13 and 5-18 with θcr = 0.03 produce predictions that are comparable 
to data for only a very narrow range around τ/τcr ≈ 1 (Fig. 5-10A), but over- and 
under-predict measured bedload transport rates outside this range, with 
significantly larger overpredictions by Recking’s (2010) equation. The initial 
value of θcr = 0.0406 provided by equation 5-14 produces smaller transport rates 
that the revised θcr = 0.03 (the value used by Parker, 1979, Wu et al., 2000 and 
Barry et al., 2008). Values from the equation proposed here produce the closest 
fit to the data, with 60.6% of the data within ±1 order of magnitude from the 
field data. Figures for the other two equations are 33.1% (θcr = 0.0406) and 
39.4% (θcr = 0.03) (Fig. 5-10B).  
 
It is worth noting that using τ or τ/τcr on the x-axis produces different visual 
assessments of the performance of the equations (Fig. 5-10). When τ/τcr is used, 
the adoption of certain entrainment threshold shifts data along the x-axis. In the 
case of the Turkey Brook, θcr = 0.059 obtained from the suggested ω0 in Reid and 
Frostick (1986) is nearly twice as high as the one tested; producing the 
separation between data and equation results observed in Fig. 5-10A. However, 
when absolute values of shear stress are used in the plot, there is no effect of 
critical bed shear stress and data and equation results overlap. In addition, 
equation 5-13 curves collapse below the breaking point in the graph when using 
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τ/τcr, with an apparent vertical shift for larger values of qb; whereas when τ is 
used, equation values show the effect of θcr: lower θcr produces an increase of 
bedload transport provided by the first section of equation 5-13, clearly 
reflected in Fig. 5-10B, as it depends on θ/θcr,; however, as equation 5-13 only 
depends on θ for θ/θcr > 2.3S
0.08 (Recking, 2010), the second section of the 
equation is not affected by θcr. This makes the equation results appear to 
change with the variable used in the x-axis. 
 
Data for the Elbow River, Alberta (Hollingshead, 1968), reported by Bagnold 
(1980)8, was also used to test equations 5-13 and 5-18 (Fig. 5-11). The Elbow 
River had similar characteristics to Turkey Brook: S = 0.0075, D50 = 25 mm, and S 
= 0.0086 and D50 = 22 mm respectively. Calculations of shear stress were based 
on SgRhρτ =  with Rh estimated from width B and depth h data (calculations 
confirmed Rh ≈ depth h for wide channels, average B/h = 25-30 for the Elbow 
River data used).  
 
 
 
 
 
 
 
 
 
 
Fig. 5-11. Comparison of bedload transport rates of the Elbow River and results from equations 
10 and 13. A) θcr = 0.045 obtained from ω0 = 3.1 kg/m/s (Bagnold, 1980) and, B) θcr= 0.08 
(Ashmore, 1988). 
 
Fig. 5-11 shows that Recking’s (2010) equation appear to perform better than 
equation 5-18 for larger transport rates with θcr = 0.045 (from ω0 = 3.1 kg/m/s in 
                                         
8 Two of the values of width B that appeared to be wrong in Bagnold (1980) were corrected 
before being used herein. The effect of this correction on the trends in the full data set was 
minimal. 
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Bagnold, 1980). Bedload data falls between Recking’s (2010) equations and the 
one proposed in this study, with the latter approaching the data with lower θcr. 
Ashmore (1988) fitted Parker’s (1990) bedload equation to the Elbow River and 
Oak Creek transport data with θcr = 0.08. Using such value results in larger 
underestimations by equation 5-18 and overestimations with equation 5-13 (Fig. 
5-11B); indicating that the parameters proposed by the original formulation of 
Recking’s (2010) equation 5 provide the best results for this case. 
 
It is seen then that finding a single equation and parameter set that fits well the 
field data used is extremely difficult. Whereas equation 5-18 appears to perform 
better in the Turkey Brook case, Recking’s (2010) formulation provides closer 
values of qb for the Elbow River. This comparison also shows that it is likely that 
the threshold for initiation of motion given by Reid and Frostick (1986) for the 
Turkey Brook is overestimated. The equations tested did not appear to confirm 
the suitability of θcr = 0.08 for the Elbow River, as implied by Ashmore (1988), 
with considerably lower values of θcr producing better fit to the data. 
 
The difficulty of finding a universal bedload equation has been demonstrated 
here using a relatively small field and flume data set of bedload transport. 
Although this data set has been implicitly enlarged by including other bedload 
transport equations developed based on a combination of flume and field data. 
It would appear that the variable selected to present and assess equation results 
has a considerable impact. Fig. 5-12A would indicate that data from the flume 
experiments and field are not comparable, with seemingly different trends. 
However, when bedload transport data are plotted against dimensionless shear 
stress, data points collapse and a general trend, defined by the flume and Elbow 
River data, appears. The equation proposed here follows the trend of the flume 
and Turkey Brook data (the large scatter present in the latter is noted), while it 
underestimates values of qb for the Elbow River, however equations appear to 
reflect the rate of increase of qb with θ (Fig. 5-12B). Gomez and Church (1989) 
presented the results of 12 different bedload transport formulations for the 
Elbow River, where none of them replicated the data satisfactorily. Fig. 5-12 
clearly shows the differences of data trend for the Turkey Brook set; which 
appears to produce larger and lower transport rates than expected for θ < 0.04 
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and θ > 0.06 respectively. Turkey Brook data has considerable scatter and a 
descriptive pattern is more difficult to establish. Reid and Frostick (1986) 
pointed to observed bedload pulses in Turkey Brook, independent of hydrograph 
shape, as a main cause of the scatter.  
 
 
 
 
 
 
 
 
 
 
Fig. 5-12. Comparison between bedload transport data from this study (flume) and field data 
for Turkey Brook and the Elbow River plotted against A) τ and, B) θ. Curves correspond to 
results of equation 13 for the different data sets. 
 
It would appear that the adoption of a standard variable representing fluid 
forces is necessary so a unified procedure for assessing bedload equation 
performance can be achieved. Fig. 5-13 shows how the same qb data and 
equation results can appear very different depending on the independent 
variable used. When Shields stress θ is used flume data appears to follow a 
straight line on Fig. 5-12. Elbow River data then appear to follow the trend 
described by equation 5-13 but approximately 1 order of magnitude higher. It is 
speculated here that a more comprehensive formulation may be achieved if a 
single independent variable is adopted. Visual assessment of equation 
performance is also subject to plot type, with differences between equations 
being most evident when plotted against bed shear stress (Fig. 5-13).  
 
Interestingly, all equations except 5-18 cannot reproduce the horizontal shift 
that qb data displays when bed entrainment values θcr or τcr are defined by 
channel bed characteristics (eg. particle size, hiding and slope). Only equation 
5-18 has the flexibility to integrate new values of entrainment threshold and 
therefore, quantify bedload transport rates more accurately (Fig. 5-13). 
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Fig. 5-13. Comparison of data and equation results plotted against three different independent 
variables. Note how equation 5-18 can closely replicate changes of qb with bed entrainment 
threshold. 
 
5.8 Conclusions 
The data and calculations presented here highlight that there are a number of 
conceptual formulations for sediment transport in gravel bed rivers that include 
the two stages of rapid increase of qb followed by a smaller rate of increase of 
qb with τ (in the semi-log plot) observed in the data (Wiberg and Smith, 1989 
Hassan and Woodsmith, 2004; Bathurst, 2007). However, the comparison 
between the selected bedload equations and bedload data, from both flume 
experiments and two completely independent field data sets (Turkey Brook and 
Elbow River) suggests that there is no unique equation (fixed parameters) 
capable of describing bedload transport behaviour for gravel channels with 
differing environmental conditions (Gomez and Church, 1989). Local factors such 
as bed size and composition, slope, particle shape and particle interactions play 
an important role in determining grain mobility. Shvidchenko et al.’s (2001) 
attempt to include hiding and bed slope deserves appropriate praise; however, it 
has been demonstrated that parameterisation may have to be revised. Successful 
formulations of bedload sediment transport must aspire to pseudo-universal 
applicability at the same time as be flexible enough to include local 
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particularities. The similarity of the formulations proposed by Parker (1990), 
Wilcock and Crowe (2003), Recking (2010) and equation 5-18 in this thesis 
supports this idea. The equations put forward by these authors have a common 
structure: (1) division of equation in at least 2 sections applicable to ranges of 
τ/τcr or θ/θcr < 1.3-1.5, likely related to partial transport (Church et al., 1998), 
characterised by a power law with an exponent varying between authors; (2) a 
second section for larger values of excess bed shear stress where the rate of 
increase of qb (steepness of curve in logarithmic axis) reduces. The specific 
formulation of this second section varies among authors, with Parker (1990) and 
Wilcock and Crowe (2003) using a power law of θ/θcr and τ/τcr respectively, 
Recking (2010) using another power law but depending only on θ, and the one 
suggested here, a straight line equation with τ/τcr. It is noted that a linear 
relationship is not generally found in literature; however, both flume data and 
values for the Elbow River strongly suggest a linear relationship between bed 
shear stress and total bedload transport rates when plotted against τ/τcr (Fig. 
5-14 and Fig. 5-15). 
 
 
 
 
 
 
 
 
 
 
Fig. 5-14. Bedload transport rates in relation to τ/ τcr showing linearity of data for τ/ τcr > 1.3. 
Y-axis in linear scale. 
 
The determination of an appropriate ratio of τ/τcr or θ/θcr , i.e. τcr, has been 
shown to be an important element for the accuracy of equation results. Where 
values of critical bed shear stress are determined based on bed particle size 
distribution and/or slope without including the effect of antecedent conditions 
theoretical curves cannot fully represent the variations of qb observed on the 
flume data presented (Fig. 5-13). 
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Fig. 5-15. Field and flume bedload transport rate data on linear axes. Note how the Elbow River 
data follows a straight line. 
 
Only when the equation of bedload transport includes flexibility on the 
definition of τcr these reported variations of transport rates can be replicated. 
Equation predictions may be further complicated by the adoption of a 
characteristic threshold of motion. Reid and Frostick (1986) suggested 
considering two thresholds of motion when predicting sediment transport, one 
for initiation of movement and another lower value for cessation of transport, 
which they related to the rising and falling limbs of hydrographs respectively. 
These two values, given by Reid and Frostick, were tested during the 
calculations presented. It would appear that the true entrainment threshold, 
based on results from equation 5-18, is somewhere between these two. In this 
study, only rising limbs have been considered, therefore, the assessment of 
different entrainment and settling conditions could not be carried out. Future 
experiments including both rising and falling limbs should help in this matter. 
The work by Saadi (2002) is possibly the only one dedicated to this subject. 
 
The differences between field data and values of qb provided by equation 5-18 
reported here might indicate that the formulation obtained based on laboratory 
experimentation may not be directly applicable to the rivers tested. Ackers and 
White (1973) proposed an exponent m = 1.5 for coarse material in their equation 
relating bedload rates with mean velocity of flow, with m > 1.5 for finer 
material. Ashmore (1988) showed that dimensionless bedload transport data for 
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his model of braided river are several orders of magnitude larger than those 
from the Oak Creek and Elbow River for the same dimensionless bed shear 
stress. Ashmore referred to the lower ratio D90/D50 of the model (2.2) than those 
of the Oak Creek and Elbow River (3.3 and 3.8 respectively) to explain increased 
mobility of the model bed. Thus, sorting appears to be inversely related to 
bedload quantities. This is supported by the form of Parker (1990) equation, in 
which a hiding function reduces Wi
* with larger values of Di/D50. Recking (2010) 
reported that transport rates in flume experiments were larger that those 
recorded in the field for the same value of θ. On the contrary, Vericat et al. 
(2008) showed that flume bedload transport rates were approximately 2 orders 
of magnitude smaller that field data of the same bed composition and the same 
excess shear stress τ-τcr. Thus, a) the findings obtained with flume data may not 
be directly applicable to field data and vice-versa, and; b) careful examination 
of the material and methods used when developing and applying bedload 
equations should be considered.  
 
Since the trends showed by the flume and Elbow River data appear to follow a 
continuous curve whose shape (but not values) is followed by equation 5-18 (Fig. 
5-12), it may be possible to introduce a scaling factor pi(Dip/Dim) as a function of 
the ratio of the prototype and model representative bed sizes Dip and Dim. 
However, it is highlighted that the bed material composition and channel 
characteristics (eg. slope) used in the laboratory were not intended to replicate 
either the Elbow River or Turkey Brook; hence, the extension of the equation to 
these cases was unlikely. Nonetheless, the promising representation of some of 
the bedload transport data of the Turkey Brook and the trend (not the actual 
values) of the Elbow River is encouraging. 
 
It is emphasised that the comparison of bedload data and formulations presented 
here was mainly intended to show how an equation developed from flume 
experimentation, simpler than many found in literature (Shvidchenko et al., 
2001; Wilcock and Crowe, 2003, Recking, 2010), can not only outperform other 
more established equations for the flume data but it does so with a simplistic 
account of bed entrainment threshold; which, at the same time, provides the 
necessary flexibility to reproduce the variation of bedload with bed stability 
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shown in this thesis. The equation introduced here produces values of total 
bedload transport rate only; if fractional transport rates are required other 
functions must be adopted. 
 
It would appear that a universal expression capable of producing accurate 
predictions of bedload rates under all conditions in gravel-bed rivers without 
changing parameter values, may not be currently achievable. On the contrary, a 
template formula with adaptable parameters appears to be more viable, 
providing the flexibility required to represent the high variability of key 
attributes, such as bed particle sizes, slopes, relative submergence, and 
antecedent conditions, present in river environments, at the same time as 
maintaining a common structure.  
 
Comparison of the formulations that provided the most accurate bedload 
transport rate estimates resulted in a number of common elements: 
• The basic equation for low excess bed shear stress is a power law with the 
main independent variable being θ/θcr or τ/τcr. 
• The exponent of the power law ranges from 13 to16. 
• The threshold determining the change of equation or curvature for larger 
transport rates is θ/θcr (or τ/τcr) ≈ 1.3-1.5 depending on the equation. 
 
Expressions for qb when θ/θcr (or τ/τcr) > 1.3-1.5 differ among authors. Wilcock 
and Crowe (2003) proposed a power law based on the inverse of the ratio τ/τcr, 
whereas Recking (2010) suggested a power law with θ as independent variable 
for all bed compositions, using θ84 for non-uniform beds. A linear relationship 
between τ/τcr and qb (kg/m/s) is proposed here for τ/τcr > 1.3. Linearity 
between shear stress and solid transport is not common; however, as Fig. 5-14 
shows, the equation proposed here was the only one closely predicting transport 
rates in that region; with general overestimation by the other equations tested. 
Bathurst (2007) also showed bedload rates that appeared to follow a straight line 
for larger flows, although he plotted qb against unit discharge Q/B. However, it 
is noted that transport conditions in the experiments carried out for this study 
were within the range of marginal and partial transport (Wilcock and McArdell, 
1993; Wilcock, 1997; Pender et al., 2001), with ratios τ/τcr not extending far 
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enough to confirm the selected formulation. Hence, equation 5-18 should be 
tested against higher transport rates. Data from the Elbow River may prove 
convenient for this purpose. Fig. 5-12 would suggest that the breaking point 
defined by τ/τcr should be around 1.7 for the Elbow River data, and that 
parameters for the second part of equation 5-18 should be such that higher 
transport rates are predicted while maintaining the general shape of the curve. 
This suggests that a general formulation with user defined parameter may 
achieve the required universality. However, the definition of adequate 
parameters for each case will have to be based on existing and future data sets, 
which may result in a database relating channel and bed characteristics to 
equation parameters. Maybe then, more reliable predictions of bedload 
transport might be achievable without bedload data for the site. 
 
It is likely that accomplishing this goal is still some years from now and further 
research in the inclusion of a range of parameters representing bed conditions is 
required. The use of an appropriate calibrated bedload transport rate equation 
will considerably enhance predictions of sediment transport in gravel bed rivers, 
with immediate application in areas such as computer hydraulic models. The 
assumption of similar bed characteristics used for predicting bedload rates based 
on existing data sets (past and current conditions) may be challenged by the high 
variability of the multitude of factors affecting bedload mobility. This can 
however be turned into an opportunity to use a reliable bedload equation to 
evaluate the sensitivity of the river channel to changes in bed or hydrological 
conditions. Thus, aiding the management of natural and man-induced changes in 
fluvial catchments. 
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6 Further research and improvements 
Gathering scientific knowledge during this PhD was often coupled with the 
realisation of the limitations associated with a particular technique or its 
application, sometimes due to equipment issues. Often, these realisations 
resulted in actual improvements during the research; in other occasions these 
developed into lessons and skills to be applied in future work. Some of these are 
summarised below. This chapter contains a critical assessment of the limitations 
of the methods and equipment used, together with future improvements to some 
of the techniques or data collection used. There are also a number of proposed 
further research areas that follow on from the present work, these are 
highlighted below. 
 
6.1 Unifying entrainment criteria  
The application of techniques for entrainment estimation highlighted that there 
is considerable scope for analysing the definition and performance of the 
entrainment criteria used here, specifically: (1) revising the reference transport 
rates of either Parker et al. (1982a) or Shvidchenko et al. (2001), or both, so 
critical flows are coincident whether calculations are based on volumetric or 
Beware of silent dogs and still waters. 
– Proverb. 
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mass transport rates; and, (2) refining the reference transport and visual 
methods so these also provide similar values of entrainment.  
 
Reducing Shvidchenko et al.’s (2001) reference transport rate qbi
* = 10-4, so 
values of critical bed shear stress τcr are the same for RTM-P and RTM-S is 
proposed. This revision of RTM-S instead of RTM-P is based on the more 
extensive use of Wi
* = 0.002 and the similarity of τcr found with visual method 
results (section 4.2.2). In addition, it was already noted in Chapter 4 that 
entrainment thresholds for RTM-S appeared to be unrealistically high compared 
to observations made during experiments.  
 
The discrepancies of values and trends between VM and RTM-P (or RTM-S) 
observed here remain to be appropriately explained. Practicalities of each 
method (eg. stochasticity of grain entrainment, uncertainty in grain movement 
count and visual fitting, Chapter 4) are unlikely to fully explain these 
differences, which are expected to originate from the conceptual definition of 
each entrainment criterion (Buffington and Montgomery, 1997) and from the 
adopted thresholds of N, Wi
* and qbi
* proposed by the authors of each 
methodology (Chapter 4). A comparative analysis of the results provided by the 
three methods used here will be pursued by the author in future publications. 
 
6.2 Effect of area of observation 
As discussed in Chapter 4, the visual method may be affected by the size and 
location of the area of observation of particle movements (Buffington and 
Montgomery, 1997). A series of experiments in which the grain movements on a 
number of areas (of a range of sizes placed at different locations over the 
sediment bed) are simultaneously recorded should be conducted. These 
measurements can then be related to local bed surface grain size distribution 
and texture, and thus, could potentially provide very useful data sets for 
assessing the sensitivity of the visual method results to the characteristic of the 
observation area. Multiple sediment traps (section 6.10) will complement this 
study in connection to the reference transport method results. 
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6.3 Effect of slope on entrainment 
Shvidchenko et al. (2001) and Recking (2010) showed that entrainment 
thresholds increase with steeper bed slopes. The work carried out for this thesis 
only includes one slope for the non-uniform bed and a partial analysis of the 
effect of slope on uniform gravel. Data from the visual method for the latter 
showed that absolute entrainment thresholds for the steeper bed S = 1/150 are 
smaller than those of S = 1/200. This would contradict the findings of 
Shvidchenko et al. (2001) and Recking (2010). However, values of Qcr/Qref are 
comparable between the two slopes (section 4.3), indicating that the effects of 
antecedent conditions on bed characteristics (eg. particle rearrangement and 
imbrication) and entrainment may be consistent for different bed slopes. A more 
comprehensive analysis of the effect of bed slope on entrainment when 
acceleration rates are applied would clarify the above contradicting results in 
two ways: (1) confirm whether, for the types of experiments undertaken, 
entrainment thresholds increase with bed slope; and, (2) analyse whether the 
trends observed between acceleration rates and critical bed shear stress are 
consistent throughout a range of slopes. Additional experiments that include 
these elements are required. 
 
6.4 Using different bed compositions 
Since bed grade characteristics (grain size compositions and sorting) appear to 
produce different response to sub-threshold antecedent conditions (Chapter 4), 
a natural extension of the work presented here is the repetition of similar 
experiments using a range of bed compositions, maintaining the range of particle 
sizes and median bed size, changing bed bimodality, similarly to the work 
initiated by Haynes and Ockelford (2008). This proposal is reinforced after the 
possible effect of fine content on bed behaviour during antecedent conditions 
(section 4.4.2.2). This extended experimental work will build up a data set of 
entrainment thresholds and bedload transport that would be essential to develop 
knowledge of the relationship between antecedent conditions using increasing 
flows, and confirm the suitability of the bedload equation proposed. For the 
case of constant flows such data sets have been generated over the years (eg. 
Wilcock and McArdell, 1993; Buffington and Montgomery, 1997, Haynes and 
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Ockelford, 2008), evidencing that bed composition characteristics affect grain 
mobility and therefore, providing further support to the extension of the 
research proposed here. 
 
6.5 Testing full hydrograph 
The work presented focussed on the effect of increasing flows as antecedent 
conditions. These can be considered as the rising limbs of hydrographs. Powell et 
al. (2001), Hassan et al. (2006) and Parker et al. (2008) considered the effects of 
full hydrographs on bed composition and mixing and bedload during mobilising 
flows. Saadi (2002) showed that the duration and magnitude of falling limbs also 
have an effect on entrainment values. This, considered together with the 
suggestion by Reid and Frostick (1986) that thresholds for the cessation of 
motion during falling limbs may be useful descriptive parameters for bedload 
prediction, leads to the need to extend the present research to full hydrographs. 
Bed mobility, bed surface composition, grain clustering and bedload amounts 
and composition should be included in order to study the effect on hydrograph 
magnitude and duration on bed mobility. 
 
6.6 Feed and recirculation 
Authors such as Hassan and Church (2000) and Wilcock and Crowe (2003) have 
shown that solid transport rates/composition and bed size distribution change 
with feeding rates and composition (same size composition as the transported 
material or the bulk mix). Feeding was not considered in this PhD as sub-
threshold flows, which produce very low transport rates, were the main focus of 
the research. However, feeding may represent a range of natural and man-made 
events (eg. bank collapse, sediment release downstream of a dam or mining 
activities) that may affect bed stability and river bed composition, for which the 
inclusion in experiments similar to those presented in this thesis is necessary. It 
is proposed here that further research including feed or recirculation is studied 
after the link between flow history and entrainment is better understood. 
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6.7 Image quality  
Digital photographs were extensively used throughout this research work for the 
assessment of bed surface composition and bed evolution. Other authors have 
cyclically reduced the water depth in the flume at a number of stages during the 
runs in order to sample the bed, increasing flows back up again afterwards 
(Hassan and Church, 2000). This procedure was incompatible with the main 
objective of this research, i.e. analysing the effect of flow history on bed 
entrainment, as these cycles of high-low flows would introduce unwanted flow 
history. Thus, images had to be collected under flowing water. Image quality 
reduced with stronger flows, caused by disturbances on the bed surface and fast 
running flows, which reduced the clarity of the images. Results are unlikely to 
be noticeably affected by this issue, since bed surface composition was based on 
colour identification not on particle boundary definition (an advantage of the 
technique used). However, improved image quality would be desirable. Tests 
using a glass plate were undertaken during the early stages of the research work; 
however, adjusting the position of the glass plate took too long, making it 
incompatible with the limited time available to collect data during the flow 
steps applied. Thus, the use of the glass plate was discarded. A robust system 
for underwater image recording (eg. quick-release single-pulley plate 
adjustment or floating plate) will be of major benefit to future experiments.  
 
6.8 Use of UV light 
The analysis of surface cluster formation, coarse particle mobility and bed 
stability using UV light provided very informative results. Carrying out 
simultaneous measurements under UV light of painted grains with improved 
image quality (see above) has the potential to provide essential data to 
understand individual and collective particle evolution and its relation with bed 
resistance. The technique used is simple and appeared to provide suitable 
quantitative data for mathematical analyses (section 4.2.8). Painting other size 
classes in UV paint must also be considered for optimising the information 
available. However, paint colours must be sufficiently distinguishable under UV 
light by the software used. For instance, blue and red UV colours have been 
shown to be clearly identified by ImageJ (sections 3.4.4 and 4.2.8). 
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6.9 Bedload sampling optimisation 
Slight over-sampling of bedload due to air bubbles destabilising grains on the 
avalanche slope around the trap opening was reported, especially for low flows. 
This issue was related to the design of the sediment trap. Thus, the presence of 
air bubbles is unavoidable with the current system. Successive changes of the 
collection box reduced the number of grains destabilised and collected in the 
box. These samples coincided with larger flows and hence, larger transport 
rates. Consequently, the impact of excess grains on later samples within the 
same experiments was minimal. Therefore, calculations of critical bed shear 
stress remain valid, as those transport rates that were artificially high were not 
considered during the visual fitting of the curves for estimating τcr (section 
4.2.5), taking full advantage of the visual fitting used. The same occurred when 
developing the proposed method for estimating τcr (section 4.2.6), for which only 
the most reliable data sets, often corresponding to the stability test, were 
included. 
 
A new sediment trap design that eliminates the presence of air bubbles would 
likely require a more complex double shaft system, where all the trap elements 
are filled with water prior to opening the connection to the flume channel. The 
experience gathered during the execution of the experiments reported here will 
help the author to better design and manage sediment traps in the future. 
 
6.10 Using multiple sediment traps 
In section 4.4.2.1 the benefits of installing multiple sediment traps were 
discussed. In particular, the effect of spatial heterogeneity of the bed surface 
composition and texture on bedload quantities could be assessed. In large 
flumes, where this heterogeneity is more likely, the installation of multiple 
sediment traps would be advantageous. In short flumes, like the use used in this 
thesis (7m) is not practical, as it would shorten the sections of the flume 
associated to each trap to inappropriately short lengths. The author will propose 
the use of multiple traps in his future research positions whenever suitable. 
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6.11 Velocity data: ADV vs. PIV 
The analysis of the effects of antecedent conditions on bed and flow 
characteristics is somewhat inconclusive (sections 4.2.7 and 4.3.4). The limited 
velocity data taken using ADV faced the difficulties of reduced data reliability 
where it is most needed, near the bed (section 3.3.1). Since the application of 
the logarithmic Law of the Wall is often restricted to the lowest 20% of the flow 
depth (Nezu and Nakagawa, 1993; Graf, 1998; Pokrajac et al., 2006; Dey and 
Raikar, 2007), this limiting range poses a contradiction difficult to solve: the 
most relevant values of velocity are those least reliable. In addition, the time 
required for collecting a full velocity vertical profile (around 30-40 minutes for 
8-10 data points) was incompatible with the continuous running of the described 
experiments, forcing the repetition of partial runs. Thus, an alternative method 
for obtaining velocity data would have been ideally used. Particle Imagery 
Velocimetry (PIV) can collect large amounts of data in a matter of seconds, 
providing a high number of data points per profile, overcoming the issue of data 
reliability near the bed surface. PIV can also help analyse flow structures and 
study the forces that act over small areas of the bed (Nelson et al., 1995; 
McLelland et al., 1999; Campbell et al., 2005; Hager, 2007), contributing to 
assess lift/drag forces involved in particle entrainment (Dittrich et al., 1996; Wu 
and Chou, 2003). The increased data density and reliability provided by PIV will 
also result in more robust analyses of velocity profiles, bed shear stress obtained 
from the Clauser method and Reynolds stresses (section 3.4.5), and bed 
roughness parameter (sections 4.2.7 and 4.3.4). 
 
A PIV system was purchased by the Department of Civil Engineering in 2008, 
however, it could not be fully installed in time to be used for this research work. 
Further research work should include the use of PIV data for a more robust 
assessment of the impacts of sub-threshold flows on bed characteristics and flow 
properties. 
 
6.12 Estimation of u*, τ and roughness 
The analysis of streamwise velocity profiles has the primary objective of 
estimating bed shear stress, bed shear velocity and bed roughness 
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characteristics. The limitations of the methods available for doing so are added 
to the constraints of data capturing discussed above. Two of the three main 
methods for estimating τ (Clauser method and Reynolds stresses) are based on 
velocity data at a single location (section 3.4.5), the remaining one (depth-
slope) includes the average cross sectional properties of the flow. Therefore, 
they are likely to provide different results (Dey and Raikar, 2007; Piedra et al., 
2009). Thus, the estimation of bed shear stress and roughness length should 
include all three procedures whenever possible, for which velocity data and 
continuous water depth data are required. This is directly connected to the use 
of PIV discussed above. 
 
In addition, the suitability of the Law of the Wall and the formulations of the 
logarithmic profile may be questioned. Reported variability of the von Kárman 
constant, i.e. not constant, suggested that its value reduces with increasing 
transport conditions (Dey and Raikar, 2007). Using one formulation or another 
also has theoretical and practical consequences. Using equation 2-8, which 
includes ks and B (section 2.6.1), results in one additional parameter over that of 
using z0 (equation 2-9). Grain equivalent roughness ks is usually determined 
based on a representative particle size D50, D84 or D90, fixing B = 8.5, (Cheng and 
Chiew, 2003; Recking, 2009), or assuming a value of ks and obtaining B from data 
(Stone and Hotchkiss, 2007). However, Graf (1998) and Dey and Raikar (2007) 
reported values of B within the range 8.5±15% and 6.8-9.62 respectively. These 
values are rarely considered by researchers when using ks and B. The use of z0 is 
preferred by the author here as its value comes from imposing boundary 
conditions on the logarithmic law, hence can be directly connected to physical 
conditions of the flow/bed (Piedra et al. 2009), unlike ks and B that are artificial 
parameters with no direct physical meaning. Furthermore, the correction for 
displacement of the zero-plane is often ignored by researchers (Pokrajac et al. 
2006, Piedra et al. 2009). Placing the origin of vertical distance at the bed 
surface or grain crests may be appropriate for relatively small material where 
bed surface is approximately uniform; however, for multi-sized poorly sorted 
beds with large gravels and cobbles this is unlikely. The application of the log-
law is further complicated in such beds as velocity data and therefore, 
parameter derivation, will vary depending on the location of the profile. As data 
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and parameters are often used to characterise bed and flow conditions, a single 
profile measurement may not be sufficient. Work on double-averaging (Nikora et 
al. 2007) aims at including spatial variability of velocity data. However, it is still 
based on relatively small-scale measurements.  
 
The author believes that there is still considerable confusion and uncertainty on 
the application of the log-law (Bauer et al. 1992). Additional work on the range 
of applicability of the logarithmic profile and a suitable procedure and 
parameters is required. It is the intention of the author to include this subject in 
his future work. In particular, continuing with the study of the effect of the 
depth range used for the application of the log-law (z/h > 0.2) initiated during 
this PhD, which was presented in the 2009 IAHR Congress in Vancouver (Canada). 
The extension of this work to the relationship between bed grain size 
characteristics and the velocity range z/h and the link between depth average 
velocity U and bed shear velocity u* are also part of the author’s research plan. 
 
6.13 Bed surface composition 
The application of both the visual method and the reference transport methods 
requires knowledge of bed size distribution: a representative size for the first 
method and the full size distribution for the second. The method used here, i.e. 
painting each size class in a different colour, has also been used by others (eg. 
Wilcock and McArdell, 1993). However, painting and sieving all size classes is 
completely impractical in the field, and obtaining reliable large-scale spatially 
distributed bed size distribution data is laborious (Mosley and Tindale, 1985; 
Fripp and Diplas, 1993; Rice and Church, 1996; Church et al., 1987). Thus, 
painting size fractions is restricted to laboratory experimentation. A number of 
methodologies and software packages for obtaining automated particle size 
distribution have been developed over the past few years with apparent success 
(Lane et al., 2001; Carbonneau et al., 2003; Sime and Ferguson, 2003; Rubin, 
2004; Graham et al., 2005a,b; Carbonneau et al., 2005). These automated 
techniques appear to be more appropriate to field work where larger clasts may 
be more effectively treated by image analysis. One of these packages (Digital 
Gravelometer, Graham et al., 2005a,b) was tested in this research, with 
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inadequate results. Automated identification of particle sizes using digital 
images has a major limitation: the bed surface must be dry (Sime and Ferguson, 
2003). This makes the methodology inadequate during a large proportion of the 
year or if continuous sampling is required. Thus, innovative methodologies must 
be used for obtaining bed size distributions in the field and laboratory. In flume 
experimentation, the method used in this thesis of painting all size classes and 
counting a selected number of randomly chosen grains (section 3.4.3) may be 
combined with the success of the thresholding of grains painted in UV paint to 
attempt colour thresholding of multiple size classes in the bed to obtain semi-
automated grain size distributions of the bed surface. 
 
6.14 Validating the proposed sediment transport equation 
The analysis of bedload sediment transport equations presented in Chapter 5 
showed that the new equation proposed herein outperformed all but one of the 
selected equations against both flume and field data (only Recking’s, 2010 eq. 5 
provided similar bedload predictions, section 5.6). However, the range of 
sediment transport rates tested did not extend far enough into larger transport 
rates for the linear expression used for the second term of the equation 5-18 to 
be confirmed. However, comparison of equation results and field data for the 
Elbow River offered encouraging results. Future flume experiments, similar to 
the ones carried out for this research, should include larger flows during the 
stability test in order to generate higher solid transport rates. However, larger 
transport rates will likely be accompanied by noticeable degradation of the test 
bed and recirculation/feed set-ups may have to be considered (section 6.6).  
 
In any case, the proposed sediment transport equation should be validated using 
as many data sets as possible, both flume and field data. Data sets such as those 
by Shvidchenko (2000) may prove very useful. One considerable advantage of the 
proposed method is that it does not require previous knowledge of flow history 
or bed size composition, which, as discussed above, is costly and time 
consuming. Thus, data sets that only include coupled transport rates and shear 
stresses are also valid.  
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6.15 Using field data 
As noted earlier in the thesis, validating the range of issues discussed herein will 
require detailed field data. However, this may not be easily attainable, 
especially the application of flow acceleration rates. Natural rivers are highly 
variable and replicates of experiments are unlikely. Nonetheless, similar 
hydrological events may be sufficient to represent the different flow increase 
rates assessed in the laboratory. Alternatively, larger flumes could be used to 
scale a range of river channel geometries and bed compositions. Nevertheless, 
flume experimentation appears to be the most cost-effective approach for the 
immediate future of studying the effect of acceleration rates and hydrograph 
shape on entrainment. 
 
6.16 Unifying bedding-in periods and flow history 
A final issue to be considered is of prime relevance given the evidence of the 
impact of flow history on entrainment values. As mentioned in this thesis, little 
experimental work has detailed the history of discharges to which beds were 
subject prior to entrainment. This may be partly responsible for the scatter 
observed in the Shields’ curve (Chapter 2) and other past data sets, in particular 
field data sets. Reporting and standardising sub-threshold flows will contribute 
to better comparison between research data sets and identify the effect of pre-
entrainment flows on the mobility of granular beds (Monteith and Pender, 2005). 
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7 Summary and Conclusions 
The work presented in this thesis, together with previous research (Saadi, 2002; 
Paphitis and Collins, 2005; Haynes and Pender, 2007; and Haynes and Ockelford, 
2008) clearly demonstrates the effect of sub-threshold antecedent flow 
conditions on the initiation of motion of granular bed entrainment and the 
changing values of entrainment flows depending on flow history, as suggested by 
Reid et al. (1985) and Reid and Frostick (1986). With this in mind, the way in 
which sediment transport studies are carried out in the future should consider 
the flow history element in them. Authors should then report the full flow 
history of their experiments (including intra-experimental flow reductions for 
sampling/measurements) in order to determine the comparability of their data 
to other data sets. More relevant is the implication that past sediment transport 
studies were likely to have been carried out with different flow magnitudes and 
durations, which are largely unreported. These differences in experimental 
procedures may account for some of the scatter frequently found in entrainment 
threshold values, such as Shields’ graph.  
 
Of the four initial research objectives set out in Chapter 1, the first three 
(quantifying the effect of increasing sub-threshold antecedent flows on bed 
“I got this powdered water - now I don't 
know what to add”.-Steven Wright 
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stability, studying entrainment mechanisms and investigating the relationship 
between flow duration and magnitude with changes in τcr) have been achieved. 
In the case of the fourth one (correction for bedload equations), entrainment 
threshold data did not provide a robust enough trend to create a suitable 
correction due to flow history for bedload transport equations. However, the 
comparative analysis of bedload equations does suggest that there is potential 
for the inclusion of values of τcr that originate from actual solid transport rates, 
implicitly including the effect of antecedent conditions. 
 
The research presented here focussed only on increasing flow values and 
durations, which can be associated with rising limbs of river hydrographs of 
different magnitudes and durations. It is suggested further similar work be 
carried out using both: (1) other sediment mixtures and full hydrographs; and, 
(2) multiple hydrographs. The extension to other mixtures should pay particular 
attention to the different reaction of the same grain size to antecedent 
conditions, whether it belongs to a uniform, unimodal or bimodal bed. Of 
particular interest is the further study of the differences between methodologies 
for entrainment estimation observed in this research. 
 
In summary, the importance of flow history on the entrainment of granular beds 
has been clearly established, with the effects of flow exposure appearing to be 
influenced by bed composition and the technique used for estimating critical 
conditions. Since hydrological regimes are ever changing in most rivers, present 
and future bed stability must be increasingly related to flow history, particularly 
when hydrological patterns are likely to be altered by human river regulation 
and climate change. The consequences of the findings exposed in this thesis are 
far reaching, affecting future research and current consideration of sediment 
transport mechanics, as well as policy and river management practices. For 
instance, predictions of bedload amounts may have to be reviewed if the event 
studied occurs at the end of the summer, where river beds may have undergone 
the strengthening process discussed here during periods of low flows. Linked to 
this effect of seasonality are river engineering works, such as river restorations, 
where the mobility of the newly laid bed/bank material may be naturally 
enhanced if the channel is opened at the beginning of the summer. In turn, 
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these practical elements may be included in related legislation and 
consideration by regulatory bodies of the timeline of the works proposed. This 
connection of the research presented here with legislation and guidance 
provided by regulatory bodies played an important role in the funding agreement 
with Scottish Natural Heritage (SNH).  
 
Further, as discussed in Chapter 2, the prospects of changes in hydrological 
patterns due to climate change and river regulation can affect the shape of 
hydrographs. As demonstrated here, the rates of flow increase and durations of 
rising limbs will modify the stability of the river bed, which in turn, will alter the 
amounts of bedload produced (Chapter 4). Thus, potential changes of river 
channel geometry and solid transport may not only relate to the 
geomorphological status of river channels, of prime relevance for bodies such as 
SNH, but can also impact on other more pragmatic areas of river engineering and 
management such as bridge blocking, reduction of capacity of flood control 
reservoirs and the success and durability of river diversions and restorations. 
Thus, this research has ramifications in theoretical and practical research, policy 
and river practices.  
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Appendices 
Appendix 1. Tests with Digital Gravelometer and ImageJ 
 
 
 
 
 
 
 
 
 
 
 
Fig. A-1. Sample images used for testing Digital Gravelometer. A) 1.4-2mm; B) 4-5.6mm; C) 8-
11.3mm; D) 4-5.6mm UV red; E) 8-11.3mm UV green. The area marked by white markers on the 
images corresponds to approx. 200 x 163 mm2. 
 
 
 
 
A B 
D 
C 
E 
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Actual composition Digital Gravelometer results Sieve size 
(mm) 1.4-2 4-5.6 8-11.3 1.4-2 4-5.6 4-5.6 red 8-11.3 8-11.3 green 
0.06    0 0 0 0 0 
0.09    0.05 0 0.01 0 0 
0.13    0.02 0 0 0 0 
0.18    0.08 0.01 0.01 0.01 0.02 
0.25    0.43 0.03 0.03 0.03 0.08 
0.35    1.66 0.07 0.09 0.07 0.15 
0.5    4.17 0.13 0.19 0.18 0.39 
0.71    10.42 0.28 0.45 0.32 0.94 
1    22.45 0.79 1.19 0.79 2.33 
1.41    35.82 2.36 2.75 1.30 4.06 
2 100   22.66 5.94 6.46 1.96 6.38 
2.83    2.25 15.21 16.31 4.03 12.79 
4     40.68 31.56 7.89 17.34 
5.66  100   30.30 34.94 14.43 29.07 
8     3.91 5.67 24.47 23.88 
11.31   100  0.30 0.35 37.80 2.58 
16       6.71  
 
Table A-1. Actual composition for each sediment sample and results of the particle size 
distribution obtained with DG after parameter optimisation (values from Grid-by-number 
settings). Values correspond to percentage of total weight in each size class (mm). 
 
Size class (mm) 1-1.4 1.4-2 2-2.8 2.8-4 4-5.6 5.6-8 8-11.3 11.3-16 
Colour Yellow White 
Light 
blue 
Green Lilac Red Blue Black 
Bulk mix 1 3 5 8 17 40 20 6 
Test bed #1 
100 count A 1 6 5 12 21 38 13 4 
100 count B 0 4 8 11 25 36 13 3 
200 count A 1 4 7 14 24 37 12 2 
200 count B 1 4 6 10 25 38 13 4 
Test bed #2 
100 count A 0 1 5 8 21 42 17 6 
100 count B 0 2 5 8 19 40 20 6 
200 count A 0 1 2 8 23 44 16 5 
200 count B 1 2 3 9 20 45 16 5 
Test bed #3 
100 count A 0 4 4 9 22 41 17 3 
100 count B 0 3 6 11 20 41 15 4 
200 count A 0 2 5 10 24 39 15 5 
200 count B 0 2 5 10 21 40 17 4 
 
Table A-2. Values of fi for 100 and 200 particle counts. 
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Appendix 2. Test hydrographs and sampling sequences 
 
     AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 
    Duration (h) 0.5 1 2 4 6 
Phase Sampling Hz Q (l/s)(1) Depth (mm) 
time step 
(sec) 
time step 
(sec) 
time step 
(sec) 
time step 
(sec) 
time step 
(sec) 
Flume filling  14 4.1 23.7 180 180 180 180 180 
Settling period  16 10.4 35.2 1800 1800 1800 1800 1800 
  16.3 11.4 36.8 75 150 300 600 900 
 16.6 12.3 38.5 75 150 300 600 900 
 16.9 13.3 40.1 75 150 300 600 900 
 17.2 14.2 41.7 75 150 300 600 900 
 17.5 15.2 43.3 75 150 300 600 900 
 17.8 16.1 44.9 75 150 300 600 900 
 18.1 17.1 46.4 75 150 300 600 900 
 18.4 18.0 47.9 75 150 300 600 900 
 18.7 19.0 49.5 75 150 300 600 900 
 19 19.9 51.0 75 150 300 600 900 
 19.3 20.9 52.4 75 150 300 600 900 
 19.6 21.8 53.9 75 150 300 600 900 
 19.9 22.8 55.4 75 150 300 600 900 
 20.2 23.7 56.8 75 150 300 600 900 
 20.5 24.7 58.2 75 150 300 600 900 
 20.8 25.6 59.6 75 150 300 600 900 
 21.1 26.6 61.0 75 150 300 600 900 
 21.4 27.5 62.3 75 150 300 600 900 
 21.7 28.5 63.7 75 150 300 600 900 
 22 29.4 65.0 75 150 300 600 900 
 22.3 30.4 66.3 75 150 300 600 900 
Antecedent 
Conditions 
hydrograph 
 22.6 31.3 67.6 75 150 300 600 900 
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 22.9 32.3 68.9 75 150 300 600 900 
 23.2 33.2 70.1 75 150 300 600 900 
PMV 23.5 34.2 71.3 240 240 240 240 240 
PMV 24.5 37.4 75.3 240 240 240 240 240 
PMV 25.5 40.5 79.1 240 240 240 240 240 
PMV 26.5 43.7 82.7 240 240 240 240 240 
PMV 27.5 46.9 86.1 240 240 240 240 240 
PMV 28.5 50.0 89.4 240 240 240 240 240 
PMV 29.5 53.2 92.4 240 240 240 240 240 
Mobility test 
sequence 
PMV 30.5 56.4 95.2 240 240 240 240 240 
PMV: particle movement video. 
Table A-3. Test hydrograph and sampling sequences for Pilot Runs.  
 
(1) Flow steps were controlled by the programming of the signal inverter controlling the pump and therefore, smooth rising limbs were achieved. Once the self-
control pump system was installed (section 3.2.3) programming of flow stages was no longer possible and the number of flow steps was reduced for manual 
control in the remaining of the experimental work. 
 
 Appendices 
240 
 
 
  AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 AccRate6 
 Duration (h) 0.5 1 2 4 6 10 Phase Sampling 
Q ( l/s) depth (mm) t (min) t (min) t (min) t (min) t (min) t (min) 
 12 33.8 0 0 0 0 0 0 
Settling period 
BIW 12 33.8 30 30 30 30 30 30 
 15.25 38.1 30 30 30 30 30 30 
 18.5 42.3 36 42 54 78 102 150 
 21.75 46.3 42 54 78 126 174 270 
BIW, BLS, PMV 25 50.2 48 66 102 174 246 390 
Antecedent 
conditions 
hydrograph 
BIW, BLS, PMV 28.25 54.0 54 78 126 222 318 510 
BIW, BLS, PMV 31.5 57.6 60 90 150 270 390 630 
BIW, BLS, PMV 35 61.3 66 96 156 276 396 636 
BIW, BLS, PMV 40 66.4 72 102 162 282 402 642 
BIW, BLS, PMV 45 71.1 78 108 168 288 408 648 
Mobility test 
sequence 
BIW, BLS, PMV 50 75.6 84 114 174 294 414 654 
BIW: bed images (white light); BIUV: bed images (UV light); BLS: bedload sample; PMV: particle movement video. 
Table A-4. Test hydrograph sequence for Stage 1. 
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AccRate 
1H-1L 
AccRate 
2H-2L 
AccRate 
3H-3L 
AccRate 
5H-5L 
Duration (h) 0.5 1 2 6 
Phase Sampling 
QH ( l/s) depth (mm) QL ( l/s) depth (mm) t (min) t (min) t (min) t (min) 
 12 33.8 12 33.8 0 0 0 0 
Settling period 
BIW, BIUV 12 33.8 12 33.8 30 30 30 30 
BIUV 15.7 38.7 14.8 37.5 30 30 30 30 
BIUV 19.3 43.3 17.7 41.3 36 42 54 102 
BIUV 23.0 47.8 20.5 44.8 42 54 78 174 
BIW, BIUV, BLS, PMV 26.7 52.2 23.3 48.2 48 66 102 246 
Antecedent 
conditions 
hydrograph 
BIW, BIUV, BLS, PMV 30.4 56.4 26.2 51.6 54 78 126 318 
BIW, BIUV, BLS, PMV 34 60.3 29.0 54.8 60 90 150 390 
BIW, BIUV, BLS, PMV 35 61.3 35 61.3 66 96 156 396 
BIW, BIUV, BLS, PMV 40 66.4 40 66.4 72 102 162 402 
BIW, BIUV, BLS, PMV 45 71.1 45 71.1 78 108 168 408 
Mobility test 
sequence 
BIW, BIUV, BLS, PMV 50 75.6 50 75.6 84 114 174 414 
BIW: bed images (white light); BIUV: bed images (UV light); BLS: bedload sample; PMV: particle movement video 
Table A-5. Test hydrograph sequence for Stage 2. 
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   AccRate1 AccRate3 AccRate5 
Duration 
(h) 
0.5 2 6 
AccRate 
( l/s/s) 
0.0096 0.0024 0.0008 
Phase Sampling 
Q ( l/s) t (min) t (min) t (min) 
 12 0 0 0 
Settling period 
 12 30 30 30 
 14.9 30 30 30 
 14.9 36 54 102 
 17.7 42 78 174 
 20.6 48 102 246 
BLS, PMV 23.5 54 126 318 
Antecedent 
conditions 
hydrograph 
 
BLS, PMV 26.3 60 150 390 
BLS, PMV 29.2 60 150 390 
BLS, PMV 35 64 154 394 
BLS, PMV 40 68 158 398 
BLS, PMV 40 72 162 402 
BLS, PMV 45 76 166 406 
Mobility test 
sequence 
BLS, PMV 50 80 170 410 
BLS: bedload sample; PMV: particle movement video 
Table A-6. Test hydrograph sequence for Uniform gravel. 
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Appendix 3. Summary of experimental runs and hydraulic 
conditions 
 
Exp. 
No. 
Exp. 
series 
Test 
group 
Duration of 
antecedent 
conditions (h) 
Acceleration 
rate (l/s/s) 
Rep. QADV (l/s) (1) 
Pilot Runs 
1  Qref - - 1  
2     2  
3     3  
4  AccRate1 0.5 0.0129 1  
5     2  
6     3  
7  AccRate2 1 0.0064 1  
8     2  
9     3  
10  AccRate3 2 0.0032 1  
11     2  
12     3  
13  AccRate4 4 0.0016 1  
14     2  
15     3  
16  AccRate5 6 0.0011 1  
17     2  
18     3  
Repetition of partial run to obtain velocity data at threshold flow 
19  Qref -  1 35.6 
20     2  
21  AccRate1 0.5  1 40.8 
22     2  
23  AccRate2 1  1 38.8 
24     2  
25  AccRate3 2  1 42.5 
26     2  
27  AccRate4 4  1 45.1 
28     2  
29  AccRate5 6  1 44.9 
30     2  
Stage 1 
31  Qref - - 1  
32     2  
33     3  
34  AccRate1 0.5 0.01083 1  
35     2  
36     3  
37  AccRate2 1 0.00542 1  
38     2  
39  AccRate3 2 0.00271 1  
40     2  
41  AccRate4 4 0.00135 1  
42     2  
43     3  
44  AccRate5 6 0.0009 1  
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45     2  
46  AccRate6 10 0.00054   
  
Repetition of partial run to 
obtain velocity data 
   
47  AccRate1   1 12A, 12B, 31.5 
48     2 12A, 12B, 31.5 
49  AccRate3   1 12A, 12B, 31.5 
50     2 12A, 12B, 31.5 
51  AccRate5   1 12A, 12B, 31.5 
Stage 2 
52  AR1H 0.5 0.0122 1  
53  AR1L 0.5 0.0094 1  
54  AR2H 1 0.0061 1  
55     2  
56  AR2L 1 0.0047 1  
57     2  
58  AR3H 2 0.0031 1  
59     2  
60  AR3L 2 0.0024 1  
61     2  
62  AR5H 6 0.001 1  
63  AR5L 6 0.0008 1  
Uniform gravel 
64  Qref - - 1  
65     2  
66     3  
67  AccRate1 0.5 0.0096 1  
68     2  
69  AccRate3 2 0.0024 1  
70     2  
71  AccRate5 6 0.0008 1  
72     2  
Repetition of partial run to obtain velocity data 
73  AccRate1  0.0096 1 12A, 12B, 29.2 
74  AccRate3  0.0024 1 12A, 12B, 29.2 
75     2 12A, 12B, 29.2 
76  AccRate5  0.0008 1 12A, 12B, 29.2 
 
(1) Discharge (l/s) at which velocity data were obtained with ADV 
(2) Hydraulic conditions of each experiment are summarised in the table below due the 
multiplicity of flow stages in each run. 
 
Table A-7. Summary of experimental runs. 
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Pilot Runs 
Inverter freq. 
(Hz) 
Q (l/s) 
Slope 
(m/m) 
averH 
(m) 
V (= Q/wet 
area) 
(m/s) 
τ (Pa) u* (m/s) 
16 10.4 0.005 0.035 0.33 1.69 0.041 
17.5 15.1 0.005 0.043 0.39 2.07 0.046 
19.6 21.8 0.005 0.054 0.45 2.56 0.051 
21.7 28.4 0.005 0.064 0.50 3.01 0.055 
22.6 31.3 0.005 0.068 0.51 3.19 0.057 
23.2 33.2 0.005 0.070 0.53 3.31 0.058 
23.5 34.1 0.005 0.071 0.53 3.36 0.058 
24.5 37.3 0.005 0.075 0.55 3.55 0.060 
25.5 40.5 0.005 0.079 0.57 3.72 0.061 
26.5 43.6 0.005 0.083 0.59 3.88 0.062 
27.5 46.8 0.005 0.086 0.60 4.03 0.064 
28.5 50.0 0.005 0.089 0.62 4.17 0.065 
29.5 53.1 0.005 0.092 0.64 4.31 0.066 
30.5 56.3 0.005 0.095 0.66 4.43 0.067 
Stage 1 
- 12 0.0067 0.034 0.40 2.16 0.047 
- 15 0.0067 0.038 0.44 2.41 0.049 
- 20 0.0067 0.044 0.50 2.80 0.053 
- 25 0.0067 0.050 0.55 3.18 0.056 
- 28.25 0.0067 0.054 0.58 3.41 0.058 
- 30 0.0067 0.056 0.60 3.53 0.059 
- 31.5 0.0067 0.058 0.61 3.63 0.060 
- 35 0.0067 0.061 0.63 3.85 0.062 
- 40 0.0067 0.066 0.67 4.16 0.065 
- 45 0.0067 0.071 0.70 4.44 0.067 
- 50 0.0067 0.076 0.74 4.71 0.069 
Stage 2 
- 12 0.0067 0.034 0.39 2.16 0.047 
- 14.8 0.0067 0.038 0.44 2.39 0.049 
- 15.7 0.0067 0.039 0.45 2.47 0.050 
- 17.7 0.0067 0.041 0.48 2.63 0.051 
- 19.3 0.0067 0.043 0.50 2.75 0.053 
- 20.5 0.0067 0.045 0.51 2.84 0.053 
- 23 0.0067 0.048 0.53 3.03 0.055 
- 23.3 0.0067 0.048 0.54 3.05 0.055 
- 26.2 0.0067 0.052 0.56 3.26 0.057 
- 26.7 0.0067 0.052 0.57 3.30 0.057 
- 29 0.0067 0.055 0.59 3.46 0.059 
- 30.4 0.0067 0.056 0.60 3.56 0.060 
- 34 0.0067 0.060 0.63 3.79 0.062 
- 35 0.0067 0.061 0.63 3.86 0.062 
- 40 0.0067 0.066 0.67 4.17 0.065 
- 45 0.0067 0.071 0.70 4.45 0.067 
- 50 0.0067 0.076 0.74 4.71 0.069 
Uniform gravel 
- 15 0.0067 0.034 0.50 2.13 0.021 
- 17.7 0.0067 0.037 0.53 2.35 0.023 
- 20 0.0067 0.040 0.56 2.53 0.025 
- 20.6 0.0067 0.041 0.56 2.58 0.026 
- 23.5 0.0067 0.044 0.59 2.80 0.028 
- 25 0.0067 0.046 0.60 2.91 0.029 
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- 26.3 0.0067 0.048 0.61 3.00 0.030 
- 29.2 0.0067 0.051 0.64 3.20 0.032 
- 30 0.0067 0.052 0.64 3.26 0.033 
- 35 0.0067 0.057 0.68 3.59 0.036 
- 40 0.0067 0.062 0.71 3.89 0.039 
- 45 0.0067 0.067 0.74 4.18 0.042 
- 50 0.0067 0.072 0.78 4.44 0.044 
 
Table A-8. Hydraulic conditions of all runs. 
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Appendix 4. Entrainment threshold data sets 
 
Qcr ( l/s) 
AccRate 
Duration 
(h) 
AccRate  
( l/s/s) Rep.1 Rep.2 Rep.3 
Qcr 
(1)  
(l/s) 
Qcr 
(2)  
(l/s) 
diff (3) 
(%) 
Reference -- -- 
38.77 
[1] 
34.50 
[2] 
39.63 
[3] 
37.41 35.6 5.14 
AccRate1 0.5 0.0127 
41.05 
[4] 
44.01 
[5] 
38.87 
[6] 
41.31 40.8 1.26 
AccRate2 1 0.0064 
37.55 
[7] 
36.77 
[8] 
45.07 
[9] 
39.80 38.8 2.49 
AccRate3 2 0.0032 
41.89 
[10] 
42.34 
[11] 
44.06 
[12] 
42.77 42.5 0.70 
AccRate4 4 0.0016 
46.28 
[13] 
44.38 
[14] 
46.50 
[15] 
45.72 45.1 1.38 
AccRate5 6 0.0011 
44.39 
[16] 
45.04 
[17] 
47.21 
[18] 
45.54 44.9 1.44 
(1) Average all repetitions 
(2) Fitting to average data 
(3) Difference between (1) and (2) 
 
Table A-9. Entrainment flows for Pilot Runs. Numbers between square brackets are the run 
number (Table A-7). 
 
 
 Appendices 
248 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A-10. Entrainment flows and bed shear stress (RTM-P only). Stage 1. Numbers between square brackets are the run number (Table A-7). 
 Qref AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 AccRate6 
Duration (h) 0 0.5 1 2 4 6 10 
AccRate ( l/s/s) -- 0.01083 0.00542 0.00271 0.00135 0.0009 0.00054 
 Parker et al. (1982a) 
 Critical flow ( l/s) 
R1 26.5 [31] 25.8 [34] 29.1 [37] 30.3 [39] 27.3 [41] 25.8 [44] 25.7 [46] 
R2 30.3 [32] 29.4 [35] 26.5 [38] 31.1 [40] 32.7 [42] 27.3 [45]  
R3 31.1[33] 29.6 [36]      
Adopted 30.7 29.5 27.8 30.7 30.0 26.5 25.7 
 Critical bed shear stress (Pa) 
R1 3.29 3.24 3.47 3.55 3.34 3.24 3.23 
R2 3.55 3.49 3.29 3.60 3.71 3.34  
R3 3.60 3.50   3.13   
Adopted 3.58 3.49 3.38 3.58 3.52 3.29 3.23 
 Shvidchenko et al. (2001) 
R1 34.3 34.3 37.7 39.4 34.3 32.2 32.7 
R2 36.0 35.6 32.7 39.4 41.1 33.4  
R3 42.9 37.8   30.4   
Adopted 39.4 36.7 35.2 39.4 37.7 32.8 32.7 
 Yalin (1977) 
R1 25.0 -- 31.6 29.4 29.8 30.2 28.7 
R2 26.3 25.2 25.4 29.1 30.6 30.0  
R3 28.9 32.9      
Adopted 27.6 29.1 28.5 29.3 30.2 30.1 28.7 
Fitting to average data 28.4 28.7 28.1 29.2 31.9 31.2 28.7 
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 Qref AccRate1 AccRate2 
Size class (mm) R1 [31] R2 [32] R3 [33] average R2 [35] R3 [36] average R1 [37] R2 [38] average 
1-1.4 (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) 
1.4-2 3.47 3.60 3.34 3.47 3.22 3.99 3.60  3.60 3.60 
2-2.8 3.38 3.60 3.63 3.61 3.45 3.67 3.56 3.38 3.34 3.36 
2.8-4 3.40 3.60 3.86 3.73 3.50 3.65 3.58 3.55 3.24 3.40 
4-5.6 3.38 3.63 3.78 3.70 3.46 3.63 3.54 3.56 3.34 3.45 
5.6-8 3.29 3.55 3.60 3.58 3.49 3.50 3.49 3.47 3.29 3.38 
8-11.3 3.29 3.53 3.58 3.56 3.50 3.50 3.50 3.39 3.29 3.34 
11.3-16 3.61 3.61 3.72 3.67 3.72 3.84 3.78 3.78 3.74 3.76 
 AccRate3 AccRate4 AccRate5 AccRate6 
Size class (mm) R1 [39] R2 [40] average R1 [41] R2 [42] average R1 [44] R2 [45] average R1 [46] 
1-1.4 (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) 
1.4-2 4.06 (1) 4.06 3.68 (1) 3.68 3.81 3.86 3.83 (2) 
2-2.8 3.52 3.99 3.76 3.45 4.10 3.78 3.34 3.49 3.41 (2) 
2.8-4 3.55 3.96 3.76 3.50 4.12 3.81 3.34 3.50 3.42 (2) 
4-5.6 3.70 3.92 3.81 3.49 4.07 3.78 3.29 3.45 3.37 (2) 
5.6-8 3.55 3.60 3.58 3.34 3.76 3.55 3.24 3.34 3.29 3.23 
8-11.3 3.65 3.58 3.61 3.39 3.72 3.56 3.29 3.29 3.29 (2) 
11.3-16 3.74 3.76 3.75 3.49 3.90 3.70 3.82 3.72 3.77 (2) 
(1) Bedload was zero for this size class and run. 
(2) Only bed shear stress for the modal class was obtained. 
 
Table A-11. Critical bed shear stress for all size classes (RTM-P only). Stage 1. Numbers between square brackets are the run number (Table A-7). 
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 AccRate1H AccRate1L AccRate2H AccRate2L AccRate3H AccRate3L AccRate5H AccRate5L 
Duration (h) 0.5 0.5 1 1 2 2 6 6 
Target flow Qt ( l/s) 34 29 34 29 34 29 34 29 
AccRates ( l/s/s) 0.0122 0.0094 0.0061 0.0047 0.0031 0.0024 0.0010 0.0008 
 Parker et al. (1982a) 
 Qcr ( l/s) 
R1 25.8 [52] 25.9 [53] 28.8 [54] 28.8 [56] 31.1 [58] 26.6 [60] 24.4 [62] 25.2 [63] 
R2   29.2 [55] 29.1 [57] 28.1 [59] 27.6 [61]   
Average all repetitions 25.8 25.9 29.0 28.9 29.6 27.1 24.4 25.2 
 τcr (Pa) 
R1 3.23 3.24 3.45 3.45 3.60 3.29 3.13 3.19 
R2   3.48 3.47 3.40 3.36   
Average all repetitions 3.23 3.24 3.46 3.46 3.50 3.33 3.13 3.19 
 Shvidchenko et al. (2001) 
 Qcr ( l/s) 
R1 33.1 31.6 31.1 36.3 37.2 33.6 27.2 31.2 
R2   35.6 35.5 34.4 35.2   
Average all repetitions 33.1 31.6 33.3 35.9 35.8 34.4 27.2 31.2 
 Yalin (1977) 
 Qcr ( l/s) 
R1 18.7 28.4 30.8 25.2 34.1 27.6 28.0 28.3 
R2   28.8 26.7 30.0 24.8   
Average all repetitions 18.7 28.4 29.8 25.9 32.1 26.2 28.0 28.3 
Fitting to average data 18.7 28.4 29.7 25.9 31.1 25.8 28.0 28.3 
 
Table A-12. Entrainment flows and bed shear stress. Stage 2. Numbers between square brackets are the run number (Table A-7). 
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 AccRate1H AccRate1L AccRate2H AccRate2L 
Duration (h) 0.5 0.5 1 1 
Acceleration rate ( l/s/s) 0.0122 0.0094 0.0061 0.0047 
Size class (mm) R1 [52] R1 [53] R1 [54] R2 [55] average R1 [56] R2 [57] average 
1-1.4 (1) (1) (1) (1) (1) (1) (1) (1) 
1.4-2 (1) (1) 3.73  3.73 3.86 3.50 3.68 
2-2.8 2.72 3.20 3.45 3.34 3.40 3.67 3.45 3.56 
2.8-4 3.34 3.19 3.45 3.50 3.47 3.65 3.47 3.56 
4-5.6 3.34 3.27 3.49 3.56 3.52 3.63 3.52 3.58 
5.6-8 3.23 3.24 3.45 3.48 3.46 3.45 3.47 3.46 
8-11.3 3.14 3.21 3.36 3.43 3.39 3.36 3.36 3.36 
11.3-16 3.37 3.41 3.72 3.68 3.70 3.59 3.61 3.60 
 AccRate3H AccRate3L AccRate5H AccRate5L 
Duration (h) 2 2 6 6 
Acceleration rate ( l/s/s) 0.0031 0.0024 0.0010 0.0008 
Size class (mm) R1 [58] R2 [59] average R1 [60] R2 [61] average R1 [62] R1 [63] 
1-1.4 (1) (1) (1) (1) (1) (1) (1) (1) 
1.4-2 (1) (1) (1) 2.96 (1) 2.96 (1) (1) 
2-2.8 3.56 3.38 3.47 3.20 3.63 3.41 3.05 3.01 
2.8-4 3.76 3.55 3.65 3.34 3.55 3.45 3.22 3.19 
4-5.6 3.70 3.49 3.60 3.34 3.49 3.41 3.27 3.27 
5.6-8 3.60 3.40 3.50 3.29 3.36 3.33 3.13 3.19 
8-11.3 3.53 3.36 3.45 3.21 3.36 3.29 3.12 3.21 
11.3-16 3.76 3.55 3.66 3.61 3.61 3.61 3.10 3.45 
(1) Bedload was zero for this size class and run 
Table A-13. Critical bed shear stress for all size classes (RTM-P only). Stage 2. Numbers between square brackets are the run number (Table A-7). 
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 Qref AccRate1 AccRate3 AccRate5 
Duration (h) 0 0.5 2 6 
Acc rates ( l/s/s) -- 0.0096 0.0024 0.0008 
 Critical flow RTM (Parker et al., 1982a) ( l/s) 
R1 30.1 [64] 28.6 [67] 29.0 [69] 29.6 [71] 
R2 28.5 [65] 28.5 [68] 26.9 [70] 29.0 [72] 
R3 29.0 [66]    
Average 29.2 28.6 28.0 29.3 
 Critical shear stress RTM (Parker et al., 1982a) (Pa) 
R1 3.27 3.16 3.19 3.23 
R2 3.16 3.16 3.05 3.19 
R3 3.19    
Average 3.21 3.16 3.12 3.21 
 Critical flow RTM (Shvidchenko et al., 2001) ( l/s) 
R1 32.3 31.2 32.3 32.3 
R2 31.2 31.2 31.2 32.3 
R3 31.8    
Average 31.8 31.2 31.8 32.3 
 Critical flow (Yalin, 1977) ( l/s) 
R1 21.2 20.4 24.9 25.1 
R2 20.6 21.7 24.9 25.8 
R3 21.1    
Fitting average values 20.8 21.0 24.9 25.1 
 
Table A-14. Entrainment thresholds for uniform gravel runs. Numbers between square brackets are the run number (Table A-7). 
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Appendix 5. Bed surface composition data sets 
 
 Qref AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 AccRate6 
 R1 [31] R2 [32] R3 [33] R1 [34] R2 [35] R3 [36] R1 [37] R2 [38] R1 [39] R2 [40] R1 [41] R2 [42] R1 [44] R2 [45] R1 [46] 
Size range (mm) Bed surface composition of initial beds (% finer than) 
1-1.4 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.4-2 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2-2.8 1% 2% 2% 1% 2% 2% 2% 1% 1% 2% 2% 2% 2% 2% 1% 
2.8-4 5% 6% 6% 4% 5% 5% 3% 5% 3% 5% 5% 6% 5% 6% 4% 
4-5.6 14% 13% 15% 13% 14% 14% 12% 15% 10% 13% 16% 13% 13% 15% 13% 
5.6-8 38% 36% 33% 35% 34% 32% 30% 33% 37% 35% 39% 34% 34% 40% 37% 
8-11.3 78% 79% 77% 80% 77% 78% 76% 78% 77% 75% 83% 79% 76% 80% 78% 
11.3-16 94% 96% 94% 97% 94% 96% 94% 94% 96% 93% 96% 94% 95% 96% 94% 
16-22 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 
 Key particle sizes (mm) 
D16 4.14 4.19 4.09 4.20 4.13 4.20 4.37 4.12 4.37 4.24 4.00 4.21 4.24 4.07 4.23 
D50 6.32 6.38 6.54 6.39 6.48 6.53 6.64 6.50 6.37 6.48 6.21 6.47 6.49 6.19 6.38 
D84 9.29 8.98 9.42 8.76 9.30 9.05 9.46 9.20 9.23 9.58 8.30 9.11 9.37 8.87 9.21 
D90 10.54 10.10 10.58 9.96 10.49 10.16 10.59 10.49 10.29 10.69 9.79 10.37 10.44 10.05 10.43 
σg  1.50 1.46 1.52 1.44 1.50 1.47 1.47 1.49 1.45 1.50 1.44 1.47 1.49 1.48 1.48 
 
Table A-15. Bed surface composition of Initial bed. Stage 1. Numbers between square brackets are the run number (Table A-7). 
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 Qref (1) AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 AccRate6 
 R1 [31] R2 [32] R3 [33] R1 [34] R2 [35] R3 [36] R1 [37] R2 [38] R1 [39] R2 [40] R1 [41] R2 [42] R1 [44] R2 [45] R1 [46] 
Size range (mm) Bed surface composition of bed at Q = 31.5 l/s (% finer than) 
1-1.4    0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.4-2    0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2-2.8    1% 0% 0% 1% 0% 1% 1% 1% 2% 1% 1% 0% 
2.8-4    4% 4% 4% 3% 3% 3% 3% 5% 6% 2% 5% 2% 
4-5.6    11% 10% 9% 10% 9% 9% 9% 14% 11% 8% 9% 11% 
5.6-8    35% 33% 26% 28% 30% 29% 31% 32% 31% 27% 29% 36% 
8-11.3    77% 78% 73% 71% 75% 77% 77% 78% 78% 76% 76% 81% 
11.3-16    96% 93% 91% 92% 94% 95% 96% 95% 95% 96% 93% 95% 
16-22    100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 
 Key particle sizes (mm) 
D16    4.31 4.41 4.67 4.53 4.51 4.59 4.51 4.16 4.40 4.69 4.53 4.30 
D50    6.46 6.50 6.84 6.83 6.66 6.66 6.59 6.53 6.57 6.74 6.66 6.34 
D84    9.15 9.36 10.05 10.09 9.52 9.26 9.21 9.16 9.17 9.37 9.59 8.68 
D90    10.19 10.67 11.16 11.04 10.57 10.34 10.28 10.31 10.28 10.35 10.78 10.05 
σg     1.46 1.46 1.47 1.49 1.45 1.42 1.43 1.48 1.44 1.41 1.45 1.42 
(1) No data as this series did not include Q = 31.5 l/s 
 
Table A-16. Bed surface composition of beds at target flow Qt. Stage 1. Numbers between square brackets are the run number (Table A-7). 
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 AccRate1H AccRate1L AccRate2H AccRate2L AccRate3H AccRate3L AccRate5H AccRate5L 
 R1 [52] R1 [53] R1 [54] R2 [55] R1 [56] R2 [57] R1 [58] R2 [59] R1(1)[60] R2 [61] R1 [62] R1 [63] 
Size range (mm) Bed surface composition of initial beds (% finer than) 
1-1.4 0% 0% 0% 0% 0% 0% 0% 0% - 0% 0% 0% 
1.4-2 0% 0% 0% 0% 0% 0% 0% 0% - 0% 0% 0% 
2-2.8 0% 0% 1% 1% 3% 1% 0% 1% - 0% 0% 0% 
2.8-4 2% 2% 7% 4% 7% 3% 2% 5% - 2% 4% 2% 
4-5.6 15% 12% 17% 11% 16% 12% 11% 13% - 11% 15% 11% 
5.6-8 39% 35% 42% 37% 36% 37% 32% 35% - 35% 38% 33% 
8-11.3 84% 81% 77% 79% 81% 79% 80% 80% - 79% 82% 83% 
11.3-16 96% 97% 96% 96% 95% 94% 96% 96% - 94% 98% 98% 
16-22 100% 100% 100% 100% 100% 100% 100% 100% - 100% 100% 100% 
 Key particle sizes (mm) 
D16 4.05 4.28 3.84 4.31 4.02 4.27 4.36 4.22 - 4.32 4.09 4.35 
D50 6.18 6.38 6.15 6.36 6.36 6.34 6.50 6.42 - 6.43 6.27 6.41 
D84 8.11 8.67 9.19 8.96 8.71 9.03 8.79 8.88 - 9.10 8.42 8.31 
D90 9.69 9.89 10.28 10.12 10.10 10.39 10.02 10.10 - 10.41 9.69 9.63 
σg  1.41 1.42 1.55 1.44 1.47 1.45 1.42 1.45 - 1.45 1.43 1.38 
(1) No images available 
Table A-17. Bed surface composition of Initial bed. Stage 2. Numbers between square brackets are the run number (Table A-7). 
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 AccRate1H AccRate1L AccRate2H AccRate2L AccRate3H AccRate3L AccRate5H AccRate5L 
 R1 [52] R1 [53] R1 [54] R2 [55] R1 [56] R2 [57] R1 [58] R2 [59] R1 [60] R2 [61] R1 [62] R1 [63] 
Size range (mm) Bed surface composition of initial beds (% finer than) 
1-1.4 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.4-2 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2-2.8 0% 0% 2% 0% 1% 0% 0% 0% 0% 0% 0% 0% 
2.8-4 5% 0% 7% 2% 2% 5% 3% 4% 4% 4% 1% 2% 
4-5.6 12% 7% 16% 10% 8% 17% 8% 12% 13% 12% 13% 11% 
5.6-8 37% 30% 39% 35% 32% 37% 30% 37% 37% 38% 38% 34% 
8-11.3 79% 79% 83% 78% 78% 82% 77% 80% 80% 79% 81% 85% 
11.3-16 96% 98% 98% 96% 96% 96% 97% 95% 97% 96% 96% 98% 
16-22 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 
 Key particle sizes (mm) 
D16 4.25 4.62 3.97 4.39 4.51 3.94 4.57 4.25 4.21 4.23 4.21 4.35 
D50 6.34 6.59 6.19 6.45 6.54 6.31 6.61 6.34 6.33 6.31 6.26 6.35 
D84 9.00 8.89 8.32 9.17 9.16 8.54 9.14 8.88 8.77 9.03 8.68 7.79 
D90 10.16 9.95 9.64 10.27 10.26 9.88 10.14 10.26 9.94 10.19 9.96 9.30 
σg 1.46 1.39 1.45 1.44 1.42 1.47 1.41 1.45 1.44 1.46 1.44 1.34 
 
Table A-18. Bed surface composition of beds at target flow Qt. Stage 2. Numbers between square brackets are the run number (Table A-7). 
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Appendix 6. Bedload rates 
 
Total transport rate (kg/m/s) 
 
τcr 
(Pa) 
Q 
(ls) Qref AccRate1 AccRate2 AccRate3 AccRate4 AccRate5 AccRate6 
3.18 25 1.39E-04  9.10E-05 3.86E-05 2.31E-05 1.70E-05 8.18E-06 
3.41 28.25   1.16E-04 5.40E-05 5.56E-05 5.30E-05 3.98E-05 
3.53 30 2.16E-04 6.48E-04      
3.63 31.5  8.27E-04 2.33E-04 1.14E-04 2.19E-04 2.47E-04 2.19E-04 
3.86 35 8.02E-04 1.38E-03 3.67E-04 2.28E-04 6.45E-04 1.36E-03 1.35E-03 
4.17 40 3.13E-03 4.35E-03 1.22E-03 1.15E-03 2.62E-03 4.85E-03 7.46E-03 
4.45 45 5.46E-03 8.79E-03 4.54E-03 2.30E-03 4.06E-03 6.34E-03 1.12E-02 
R
e
p
e
ti
ti
o
n
 1
 
4.71 50 7.77E-03  1.10E-02 3.77E-03 6.49E-03 9.73E-03 1.39E-02 
3.18 25 1.85E-04 2.07E-04 6.48E-05 1.54E-05 1.00E-05 1.49E-05  
3.41 28.25  3.27E-04 1.03E-04 1.39E-05 5.40E-06 2.96E-05  
3.53 30 7.41E-05       
3.63 31.5  1.82E-04 2.62E-04 4.94E-05 1.54E-05 1.54E-04  
3.86 35 1.48E-04 3.89E-04 1.31E-03 8.02E-05 4.63E-05 7.16E-04  
4.17 40 9.41E-04 1.59E-03 3.93E-03 6.45E-04 4.04E-04 3.83E-03  
4.45 45 3.80E-03 4.33E-03 6.98E-03 2.28E-03 1.17E-03 6.24E-03  
R
e
p
e
ti
ti
o
n
 2
 
4.71 50 1.09E-02 1.01E-02 7.49E-03 5.90E-03 3.21E-03 1.15E-02  
3.18 25 1.20E-04 1.17E-04   3.05E-05   
3.41 28.25  6.48E-05   2.82E-04   
3.53 30 8.33E-05       
3.63 31.5  9.26E-05   9.04E-04   
3.86 35 2.01E-04 8.02E-05   3.20E-03   
4.17 40 4.91E-04 8.55E-04   7.65E-03   
4.45 45 1.70E-03 4.72E-03   9.80E-03   
R
e
p
e
ti
ti
o
n
 3
 
4.71 50 1.66E-02 1.14E-02   1.22E-02   
 
Table A-19. Bedload transport rates. Stage 1. For run number refer to Table A-7. 
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Total transport rate (kg/m/s) 
 τcr (Pa) Q ( l/s) 
AccRate1H AccRate2H AccRate3H AccRate5H 
3.30 26.7 1.60E-04 1.81E-04 3.63E-05 9.85E-05 
3.56 30.4 3.52E-04 1.67E-04 3.47E-05 5.20E-04 
3.79 34 2.29E-03 3.95E-04 1.39E-04 1.39E-03 
3.86 35 1.84E-03 5.93E-04 1.70E-04 1.43E-03 
4.17 40 4.24E-03 1.73E-03 9.20E-04 5.91E-03 
4.45 45 6.82E-03 4.00E-03 2.28E-03 1.08E-02 
R
e
p
e
ti
ti
o
n
 1
 
4.71 50 1.17E-02 8.30E-03 4.51E-03 1.40E-02 
3.30 26.7  6.64E-05 8.72E-05  
3.56 30.4  1.42E-04 1.42E-04  
3.79 34  5.37E-04 3.40E-04  
3.86 35  4.23E-04 5.59E-04  
4.17 40  1.64E-03 2.23E-03  
4.45 45  4.02E-03 4.81E-03  
R
e
p
e
ti
ti
o
n
 2
 
4.71 50  8.48E-03 8.31E-03  
 
τcr (Pa) Q ( l/s) AccRate1L AccRate2L AccRate3L AccRate5L 
3.05 23.3 1.17E-04 4.48E-05 5.32E-05 3.32E-05 
3.26 26.2 1.54E-04 1.54E-05 7.48E-05 1.09E-04 
3.46 29 1.91E-04 1.54E-05 1.82E-04 1.51E-04 
3.86 35 1.51E-03 1.73E-04 1.30E-03 2.34E-03 
4.17 40 3.06E-03 1.42E-03 4.01E-03 5.75E-03 
4.45 45 5.97E-03 4.94E-03 4.60E-03 9.58E-03 
R
e
p
e
ti
ti
o
n
 1
 
4.71 50 1.04E-02 8.72E-03 7.36E-03 1.09E-02 
3.05 23.3  4.78E-05 4.55E-05  
3.26 26.2  4.01E-05 1.85E-05  
3.46 29  2.16E-05 2.16E-05  
3.86 35  2.28E-04 3.86E-04  
4.17 40  2.67E-03 2.56E-03  
4.45 45  4.89E-03 5.53E-03  
R
e
p
e
ti
ti
o
n
 2
 
4.71 50  8.15E-03 1.00E-02  
 
Table A-20. Bedload transport rates. Stage 2. For run number refer to Table A-7. 
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   Total transport rate (kg/m/s) 
 AccRates ( l/s/s)  0.0096 0.0024 0.0008 
 τcr (Pa) Q (ls) AccRate1 AccRate3 AccRate5 
2.80 23.5 3.95E-04 1.48E-05 2.65E-05 
3.00 26.3 2.41E-04 3.09E-05 1.98E-05 
3.20 29.2 2.64E-04 2.27E-04 1.25E-04 
3.57 35 1.11E-03 7.96E-04 3.43E-04 
3.88 40 2.57E-03 2.29E-03 1.94E-03 
4.17 45 6.27E-03 4.67E-03 5.29E-03 
R
e
p
e
ti
ti
o
n
 1
 
 4.45 50 1.17E-02 8.83E-03 1.07E-02 
2.80 23.5 4.63E-04 5.86E-05 2.21E-05 
3.00 26.3 2.04E-04 8.95E-05 2.52E-05 
3.20 29.2 3.33E-04 2.13E-04 9.26E-05 
3.57 35 8.24E-04 1.03E-03 4.91E-04 
3.88 40 2.26E-03 3.88E-03 2.18E-03 
4.17 45 5.39E-03 8.74E-03 6.32E-03 
R
e
p
e
ti
ti
o
n
 2
 
4.45 50 1.22E-02 1.36E-02 1.08E-02 
 
Table A-21. Bedload transport rates for uniform gravel runs. For run number refer to Table A-7. 
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Appendix 7. Streamwise velocity (ADV) data sets 
 
 
Reference 
[19,20] 
AccRate1 
[21,22] 
AccRate2 
[23,24] 
AccRate3 
[25,26] 
AccRate4 
[27,28] 
AccRate5 
[29,30] 
Q ( l/s) 35.6 40.8 38.8 42.5 45.1 44.9 
Depth (mm) 72.9 79.5 76.7 81.15 83.6 83.15 
z (mm) u (cm/s) 
7.5 41.06 41.31 39.26 39.20 39.25 39.67 
15.5 52.34 53.75 53.08 53.42 54.32 54.09 
23.5 58.89 61.55 60.00 61.48 62.03 61.89 
28.5 60.54 64.07 62.91 64.32 65.09 65.05 
43.5 67.69 70.47 69.00 71.27 71.43 71.67 
53.5 70.57 73.46 72.47 74.06 74.33 74.54 
61.5 72.04 75.30 74.41 76.06 76.06 76.34 
76    78.20 78.44 79.05 
u* (cm/s) 6.39 7.41 7.21 8.15 8.35 8.19 
τ (Pa) 4.07 5.47 5.18 6.63 6.96 6.69 
B 5.05 4.17 4.15 3.42 3.33 3.46 
 
Table A-22. Streamwise velocity data and parameters. Pilot Runs (each data collected over a 3 
min. period and averaged over two repetitions). Numbers between square brackets are the run 
number (Table A-7). 
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 AccRate1-R1 [47] AccRate1-R2 [48] AccRate3-R1 [49] AccRate3-R2 [50] AccRate5 [51] 
 Q12 Q12B Q31.5 Q12 Q12B Q31.5 Q12 Q12B Q31.5 Q12 Q12B Q31.5 Q12 Q12B Q31.5 
Depth h (mm) 32 32 56 32 31 55 32 31 56 32 32 57 30 29 54 
Distance from bed (mm) Streamwise velocity (cm/s) 
6 22.47 26.38 33.99 25.53 27.67 41.42 24.10 16.37 38.17 1.71 8.21  10.80 28.61 28.71 
7 22.73 23.72 31.13 28.48 31.08 40.58 27.21 28.85 35.34 7.75 8.67 11.98 21.28 31.27 37.47 
8 25.68 23.10 34.87 28.25 28.51 46.41 26.85 31.33 42.67 14.36 9.97 26.20 24.46 31.85 40.64 
9 29.68 28.05 42.98 30.07 31.86 49.41 28.13 30.86 35.30 27.22 23.16 38.97 27.99 34.23 44.39 
11 33.31 31.39 45.45 33.36 34.99 51.77 31.21 29.91 44.73 28.82 28.85 43.12 32.55 33.80 44.45 
13 35.85 32.61 46.13 36.55 36.66 54.57 34.27 37.06 50.87 32.95 31.41 45.15 33.48 37.13 47.08 
15 38.57 37.00 51.94 37.81 38.34 56.33 34.04 36.46 55.10 37.44 34.97 51.05 36.33 40.19 52.20 
17 40.28 38.19 55.09 39.93 38.96 58.55 38.30 40.73 57.18 39.17 34.12 54.68 39.44 40.30 54.18 
20 43.19 40.57 58.95 41.00 40.49 60.93 42.06 43.96 61.98 41.15 37.83 59.22 42.06 45.19 58.33 
25 45.52 42.90 62.50 43.44 43.78 64.84 45.92 44.27 66.17 45.08 43.63 63.23 42.66 46.91 62.87 
35   68.57   71.00   72.06   69.51   68.93 
45   74.23   75.45   75.88   74.25   72.89 
u* (cm/s)  6.32 6.46 7.84 4.23 3.43 6.73 6.99 8.73 7.66 7.42 6.90 9.05 8.10 5.04 8.24 
τ (kg/m/s2) 3.98 4.16 6.13 1.78 1.17 4.52 4.88 7.60 5.86 5.49 4.75 8.18 6.55 2.53 6.78 
z0 (mm)  1.34 1.60 1.03 0.41 0.18 0.52 1.83 2.65 0.82 2.14 2.07 1.60 2.48 0.62 1.24 
z0Qi/z0Q12  1.00 1.20 0.77 1.00 0.44 1.27 1.00 1.45 0.45 1.00 0.97 0.75 1.00 0.25 0.50 
 
Table A-23. Streamwise velocity data and resulting parameters. Stage 1 (each data collected over a 2 min. period). Numbers between square brackets are the run 
number (Table A-7). 
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 AccRate1-R1 [73] AccRate3-R1 [74] AccRate3-R2 [75] AccRate5-R1 [76] 
 Q12 Q12B Q29.2 Q12 Q12B Q29.2 Q12 Q12B Q29.2 Q12 Q12B Q29.2 
Depth h (mm) 30 30 50 29 30 51 30 28 49 28 29 51 
Distance from bed (mm) Streamwise velocity (cm/s) 
6 32.27 24.64 31.91 27.77 25.26 24.87 19.90 17.60 22.62 12.50 23.60 31.47 
7 31.84 24.57 35.90 26.98 30.84 34.75 25.48 21.50 35.54 31.01 29.97 46.17 
8 32.75 28.64 44.90 33.18 29.28 38.78 28.69 32.90 40.11 37.70 31.10 48.17 
10 37.93 31.55 48.03 36.07 36.90 50.19 33.35 28.01 42.98 37.70 35.19 52.47 
12 40.38 38.41 55.19 38.28 36.01 50.00 36.46 35.08 50.04 41.23 36.47 51.96 
14 42.47 38.95 56.02 41.55 39.37 54.23 35.32 38.77 55.53 43.32 39.79 56.50 
17 45.12 43.26 62.21 45.25 44.82 62.69 41.71 43.72 60.41 46.42 42.01 61.47 
22 47.78 45.59 65.93 47.53 47.07 66.96 46.48 44.55 66.24 48.97 43.77 65.87 
32   71.01   71.09   71.86   71.09 
42   73.56      75.88   76.38 
u* (cm/s) 5.42 8.33 8.70 5.99 6.05 11.62 6.85 9.96 10.51 6.48 5.57 6.73 
τ (kg/m/s2) 2.93 6.93 7.55 3.58 3.65 13.47 4.69 9.90 11.02 4.19 3.10 4.52 
z0 (mm) 0.61 2.09 1.03 0.89 0.97 2.11 1.46 2.89 1.74 0.96 0.83 0.45 
z0Qi/z0Q12 1.00 3.44 1.69 1.00 1.10 2.39 1.00 1.98 1.19 1.00 0.86 0.47 
 
Table A-24. Streamwise velocity data and resulting parameters. Uniform gravel experiments (each data collected over a 2 min. period). Numbers between square 
brackets are the run number (Table A-7). 
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Appendix 8. Comparison of bedload equations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A- 2. Comparison of results by the original MPM (1948) and Wong (2003) modified equation. 
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Fig. A- 3. Residuals from bedload equations. Note how errors reduce with stress magnitude for 
all cases. Recking’s (2010) eq. 12 and Wilcock and Crowe (2003) clearly overestimate qb in larger 
proportion than Recking’s (2010) eq. 5 and equation 5-18 (this study). 
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Appendix 9. 2009 IAHR Congress paper 
 
Below is a copy of the paper presented at the 33rd IAHR Congress: Water 
Engineering for a Sustainable Environment held in Vancouver (Canada) between 
9th and 14th August 2009 and referenced in this thesis as Piedra et al. (2009).  
 
_____________________________________________________________________ 
REVIEW OF APPROACHES TO ESTIMATING BED SHEAR STRESS FROM 
VELOCITY PROFILE MEASUREMENTS 
 
M. M. Piedra1, H. Haynes1, T. B. Hoey2 and A. Ervine1 
 
1Dept. of Civil Engineering, University of Glasgow, Glasgow, UK, G12 8LT. Tel: 
+44 (0)141 3304077, Fax: +44 (0) 141 3304557. m.piedra@civil.gla.ac.uk, 
haynes@civil.gla.ac.uk, ervine@civil.gla.ac.uk 
 
2Dept. of Geographical and Earth Sciences, University of Glasgow, Glasgow, UK, 
G12 8QQ. Tel: +44 (0)141 3304224. trevor.hoey@ges.gla.ac.uk 
____________________________________________________________________ 
 
Bed shear velocity is commonly estimated using streamwise velocity profiles and 
the logarithmic law for the inner layer. However, despite a considerable number 
of empirical equations being reported in the literature, there is no unified 
expression of the log-law that is commonly applied to sediment transport 
studies. Most authors use essentially the same theoretical formulation, but the 
nomenclature and number of variables and parameters used in the equations are 
different. Not only does this cause confusion among practitioners and 
researchers, but it is difficult to compare shear stress values produced by 
different studies as the equations and assumptions that generate them are 
inconsistent. The objectives of this paper are therefore: i) to review log-law 
equations available in literature and compare their parameterisations; ii) to 
suggest a unified nomenclature for the variables and parameters of the log-law 
expression; and iii) to compare the main equation types using ADV 
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measurements taken over a uniform gravel bed and a unimodal gravel bed in 
laboratory conditions. An additional near-uniform bed was used for validation of 
the method. 
 
 
Key words: shear velocity, shear stress, velocity profiles, logarithmic law. 
____________________________________________________________________ 
1. Introduction 
 
Estimation of bed shear velocities is an essential part of sediment transport 
studies and flow characterisation. It is generally accepted that the Kármán-
Prandtl law of vertical distribution of streamwise velocity, also known as Law of 
the Wall or log-law, is a good representation of the distribution of time-averaged 
velocity values for the inner layer of rough turbulent flows; i.e. approximately 
between the top of the viscous layer and the lowest 20% of the depth. The log-
law is therefore commonly used to estimate flow shear velocity (u*) and shear 
stress (τ0), essential parameters for the study of sediment transport. However, 
there is a considerable variety of expressions used by different authors. Intrinsic 
in the selection of the specific formulation is the adoption of a number of 
assumptions related to bed roughness characteristics, position of the origin of 
distance from the bed, etc. Again, these assumptions vary between authors. This 
paper aims to summarise the equations used in recent literature and propose a 
unified formulation and nomenclature for the log-law equation in order to 
improve understanding and consistency in approach within the hydraulic 
research community. Flume-based ADV velocity data, for two different grades of 
gravel bed, were used to analyse the two main log-law expressions. A near 
uniform bed gravel was used to validate the results. 
 
2. Logarithmic law equations 
 
2.1 Review of available equations 
Essentially, all expressions of the logarithmic law cited in the literature have the 
same formulation. The ratio of time averaged streamwise velocity (u) to a 
constant velocity scale, called shear velocity (u*) set equal to the inverse of the 
von Kármán constant (κ ) multiplied by the natural logarithm of vertical distance 
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from the bed (z) over a length scale parameter representative of the bed or 
grain roughness (z0 or ks). If ks is used, the equation requires an additional 
integration constant (B). If z0 is used, an expression similar to z0= ks/30 appears 
widely used in literature (e.g. Singh et al. 2007, Wilcock 1996). Further 
variations of the same basic equation stem from consideration of the origin of 
the vertical distance (z). Therefore, velocity profile equations for two-
dimensional rough turbulent flow can be classified into two types: Type A (Eq. 
1): those that use grain roughness (ks) plus another parameter (B), and Type B 
(Eq. 2): those that use bed roughness (z0) only. 
 
Type A:   B
k
z
u
zu
s
+





= ln
1)(
* κ
    (Eq. 1) 
 
Type B:  





=
0*
ln
1
z
z
u
u
κ
     (Eq. 2) 
 
The review of related literature shows that there is a wide variety of symbols 
representing the same variable or parameter, often being a matter of author’s 
choice:  
• The vertical coordinate is represented by either z (Graf 1998, Wilcock 1996), 
or y (Dey and Raikar 2007).  
 
• The symbol for the time-averaged velocity is consistently u; however, some 
authors use upper case, U, (Nezu and Nakagawa 1993, Franca and 
Czernuszenko 2006) while others use a bar over the symbol, u , (Song and 
Chiew 2001, Singh et al. 2007, Stone and Hotchkiss 2007) or brackets, U , 
(Franca and Czernuszenko 2006). 
 
• The shear velocity symbol (u*) has similar variability to that of time-averaged 
velocity with respect to font case and position of the asterisk (Maghrebi 2006, 
Wilcock 1996, Smart 1999, Franca and; Pokrajac et al. 2006).  
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• The symbols used for roughness of the bed and the position of the origin of 
vertical distance, termed the zero-plane (or virtual bed; Dey and Raikar 
2007) cause even more confusion. The parameter representing the roughness 
characteristics of the bed can be, depending on the author and whether is 
referring to bed roughness or grain roughness, y0, z0, ks, ε or k with their 
actual values depending on the assumptions made by each researcher. If 
notation differences are only a reflection of the symbol adopted for the 
vertical coordinate, y or z, they do not cause significant problems (Maghrebi 
2006, Wilcock 1996). Yet, in some cases the same symbol represents different 
concepts. For example, Graf (1998) uses z0 to represent the displacement of 
the zero-plane below that of the roughness crest; whereas, Franca and 
Czernuszenko (2006) and Pokrajac et al. (2006) define z0 as the distance from 
the zero-plane at which flow velocity is predicted to be zero (u = 0), which is 
also termed the bed roughness length.  
 
• The position of the zero-plane also differs depending on the author. Wilcock 
(1996) and Biron et al. (1998) do not consider the displacement of the 
position of the zero-plane, effectively assuming that the position of the origin 
of vertical distance coincides with the top of the particles. All other authors 
cited above include a distance from the top of the roughness elements to the 
zero-plane; taking the reference level as the crest of the roughness elements 
seems to be a common assumption. Nevertheless, the symbol representing 
the zero-plane displacement varies between authors. Song and Chiew (2001) 
use y0; Nezu and Nakagawa (1993) and Singh et al. (2007) adopt δ; Pokrajac 
et al. (2006) use a lower case d, whereas Smart (1999) uses an upper case D; 
Graf (1998) uses z0; and Stone and Hotchkiss (2007) adopt z∆ . All these 
symbols take different values, related to a proportional value of the 
Nikuradse equivalent grain roughness (0.25ks in Song and Chiew 2001 and Dey 
and Raikar 2007; 0.2ks in Graf 1998) which, in turn, must be estimated from 
bed size composition. Dey and Raikar (2007), Stone and Hotchkiss (2007) and 
Song and Chiew (2001) adopted ks=D50; Maghrebi (2006) used ks=2D50; Smart 
(1999) reported values ranging from ks=3 D90 to ks=10D90; and Parker (2004) 
used ks=2D90. 
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• The integration parameter used by authors that applied Type A equations is 
also subject to a range of symbols. B or Br are used by Song and Chiew 
(2001), Dey and Raikar (2007), Graf (1998), Franca and Czernuszenko (2006) 
and Stone and Hotchkiss (2007); whereas, Nezu and Nakanagua (1993) use A 
or Ar depending on the expression adopted. However, regardless the symbol, 
parameter values are estimated by the line of best fit to measured data sets. 
Whilst it is commonly accepted that the value of B (Br or Ar) is close to 8.5 
(Graf 1998), a wide range of values have been reported in literature; for 
example, 4.1-13.5 in Franca and Czernuszenko (2006) and 6.8-9.18 in Dey and 
Raikar (2007). 
 
In order to establish a common understanding and facilitate further calculations 
and discussions, the following nomenclature will be used in this review: u = time 
averaged streamwise velocity (cm/s); u* = bed shear velocity (cm/s); κ = von 
Kármán constant; ln( ) = natural logarithm; z = vertical distance from the bed 
crests (mm); d = position of the zero-plane below the bed crests; z0 = bed 
hydraulic roughness, or distance above the zero-plane, at which u=0 (mm); ks = 
grain roughness (mm); Di = particle size for which i % is smaller (mm); h = flow 
depth measured from the bed crests (mm); H = flow depth measured from the 
zero-plane; B = integration constant for Type A expressions. 
 
2.2 Mathematical considerations 
Depending on the equation adopted and assumptions made by the users, the 
number of variables, or unknowns, varies. In all cases, u(z) and z are known from 
direct measurements, but the following parameters remain unknown prior to 
calculations: u*, κ , d, ks and B (from Eq. 1) and u*, κ , d, and z0 (from Eq.2). 
Shear velocity u* and bed roughness length z0, or integration parameter B are 
often the sought after parameters. This means adopting values for the von 
Kármán parameter (κ ), the displacement of the origin of z (d), and ks, prior to 
calculations.  
 
The von Kármán parameter is widely reported to take the value of 0.4 (Nogueira 
et al. 2008, Smart 1999, Graf 1998). However, κ  reduces with bed mobility such 
that when bed particles are under near-threshold conditions κ =0.35 (Dey and 
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Raikar 2007) and for strongly mobile gravel bed κ =0.29 (Nikora and Goring 
2000). Thus, an appropriate recommendation would be to take κ  as 0.40 for 
stable beds, 0.35 for near-threshold or weakly mobile beds and 0.30 for strongly 
mobile beds.  
 
In Eq. 1 B can be fixed prior to the calculations and obtain ks as a result. In this 
case, the value of B is commonly reported to be around 8.5 for rough turbulent 
flows (Graf 1998). This assumption is generally important when assessing the 
value of the bed roughness length (z0), which is commonly expressed as z0=ks/C 
and therefore establishes a direct relationship with bed grain size (ks). If the 
above expression is introduced into Eq.1 then C=exp(κ B); so, if B=8.5 and 
κ =0.4, then C=30; this value is often used for the estimation of z0 (Singh et al. 
2007, Petit 1990, Wilcock 1996). Other expressions of z0 found in literature are: 
z0  ≈ 0.1D90 (Wilcock 1996) and z0 ≈ 0.1D84 (Whiting and Dietrich 1990), which 
implies ks ≈ 3D90 or ks  ≈  3D84. These very large values of grain roughness are 
more a result of the calculations than a reflection of the bed grain size; hence, 
a more physically-based definition of ks, easily determined by the user prior to 
calculations, is proposed. Conceptually, ks refers to the size of bed grains, 
which is commonly expressed by a representative particle diameter. Thus, a 
value of ks= D90 is adopted here, as it is a widely used value representing larger 
bed grain sizes. As B, z0 and ks are inter-related and B and ks cannot be 
independently obtained from each other, the authors took the approach of 
leaving B as a result of the other parameters and obtain z0 independently. 
 
3. Experimental set up and methodology 
 
Comparison of Eqs. 1 and 2 employed data collected from flume-based 
experiments using a range of flows and bed materials. A 0.3m x 12m Armfield 
flow-recirculating and tilting flume was set to a slope of 1 in 200. Uniform flow 
conditions were established for three constant flows: 12.5 l/s, 16.5 l/s and 20.7 
l/s, providing water depths between 80mm and 116m, as measured from the bed 
crests. Two gravel beds were tested: (i) a uniform medium gravel 4.0-5.6mm 
(D50=4.8mm, D90=5.44mm); and (ii) a unimodal grade 1-16mm (D50=6.9mm, 
D90=11.1mm). A third data set, previously obtained by the authors over a near 
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uniform gravel bed 2-8mm (D50=4.8mm, D90=5.6mm) and included in Piedra et al. 
(2008), was also re-analysed. 
 
In all experiments, flows were controlled by an electrical signal inverter that 
regulated the water pump speed. A Microelectronics Ltd. PORTAFLOWTM 
monitored flow and average velocity in the return pipe with a flow accuracy of 
0.01 l/s. A Nortek Vectrino 3D side-looking Acoustic Doppler Velocimeter (ADV) 
measured flow velocity in a 0.16mm3 sampling volume located in the centre of 
the flume. Velocity profiles were obtained by recording data at 9 to 11 
elevations (depending on flow depth) at a frequency of 25Hz for a 3 minute 
period; this provided 4500 measurements per sample elevation. Smaller 
distances between sampling elevations were employed near the bed to increase 
data coverage within the inner layer of flow. The lowest sampling elevation 
possible was 6mm above the bed.  
 
Three methods were used to estimate the shear velocity u* and assess the 
optimum parameters of the log-law equations: (i) shear stress from Reynolds 
stress profiles; (ii) estimating shear stress from flow depth and slope; (iii) 
Clauser method, fitting a straight line to ln(z+d)-u data set. 
 
(i) Nortek software (ExploreV) was used to obtain Reynolds stresses. The 
intersection of the straight line fitted to the Reynolds stress data points with 
z=z0 (elevation for which u=0) provided an estimation of the bed shear stress 
(τ0). Using τ0 = ρ·u*
2 , where ρ= water density, shear velocity from Reynolds 
stresses can be derived. This is denoted as u*(R) in the current paper.  
(ii) Under uniform flow conditions, bed shear stress can be estimated using: 
00 SgRhρτ = ; where =0τ  bed shear stress (kg/m/s2) corrected for wall 
effects (Cheng and Chua 2005), ρ= water density (kg/m3), g = gravity 
acceleration (9.81 m/s2), Rh = hydraulic radius (m), and S0 = slope of the 
energy line (m/m), which is similar to the slope of the water line for uniform 
flow. The value of u* determined in this way is denoted as u*(S) henceforth. 
(iii) Shear velocity and log-law equation parameters were obtained for the two 
analysed equations (Eqs. 1 and 2) using the Clauser method; in the present 
paper u* obtained using this methodology is denoted as u*(C). This was 
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undertaken after estimating the value of d based on minimising the errors 
between the data set and the theoretical velocities obtained with a specific 
set parameters for the corresponding value of d, over the line fitting range. 
The values of d tested ranged from 0-1ks at intervals of 0.01ks, where ks = 
D90. The logarithmic profile is commonly applied to the flow depth below 
0.2z/h; however, it is often the case that the logarithmic profile stands for a 
larger proportion of the depth, e.g. 0.4z/h (Franca and Czernuszenko 2006). 
In the experiments presented here, it was often the case that the straight 
line applied to ln(z+d)-u fitted well to an even larger proportion of the 
depth; yet sometimes, the values closest to the bed, typically z/h ≤ 0.1 
deviated from the straight line. This data was used by the authors to extend 
the fitting line to those data points that followed a straight line; the effect 
of the depth range over which the fitting line is applied is outside the remit 
of the present paper, but will be analysed in detail by the authors 
elsewhere.  
 
4. Results and discussion 
 
Table 1 shows the experimental hydraulic conditions and results for the uniform 
gravel, the graded gravel and the validation data set obtained with near uniform 
gravel (Piedra et al. 2008). It is noted that the von Kármán constant for the first 
two data sets is 0.4 as no movement was observed, whereas κ =0.35 for the 
validation data set, as it was obtained under threshold conditions (Piedra et al. 
2008). 
 
Values of d/ks range from 0.0 to 0.15. These values are lower that those often 
used of d ≈ 0.2ks and generally support adoption of the origin of distance from 
the bed at the bed grain crests. Values of d/ks are somewhat larger for the 
uniform gravel. These results may be explained by the bed composition. The 
graded gravel contains a variety of grain sizes, where small particles occupy the 
interstices that larger grains leave, effectively creating a “smooth” surface on 
the bed, limiting the penetration of the flow below the bed surface. The same 
effect cannot occur in uniform gravels where the flow is therefore likely to 
penetrate below the bed crests (d>0). Also, it is noted that experimental beds 
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were screeded prior to experimentation; this contributes to make d ≈ 0 and 
creates a more level bed surface than those found in nature. A similar 
explanation is afforded for the sensitivity of values of z0/ks (Table 1) to bed 
composition, with lower values for the graded bed than for the uniform gravel.  
 
Table 1. Experimental Results  
 GRADED GRAVEL UNIFORM GRAVEL NEAR UNIFORM GRAVEL 
Q (l/s) 12.5 16.5 20.7 12.5 16.5 20.7 35.6 40.8 38.8 42.5 45.1 
h (mm) 81 95 116 80 94 106 73.2 80 77.4 81.7 83.8 
U (cm/s) 57.0 60.8 64.8 56.1 61.7 67.4 62.1 64.3 63.7 64.8 65.4 
d (mm) 0.0 0.0 0.0 0.0 0.82 0.27 0.0 0.0 0.0 0.0 0.0 
d/ks 0 0 0 0 0.15 0.05 0 0 0 0 0 
u*(C) (cm/s) 5.58 5.75 6.15 5.88 6.42 5.47 5.30 5.68 5.76 6.52 6.79 
u*(R) (cm/s) 4.68 4.96 5.25 4.95 4.75 5.24 5.17 5.35 5.30 5.44 5.27 
u*(S) (cm/s) 5.96 6.39 6.85 5.92 6.38 6.67 5.88 6.14 6.04 6.20 6.27 
z0 (mm) 0.46 0.48 0.58 0.64 0.74 0.35 0.50 0.57 0.63 0.89 0.93 
z0/ks 0.04 0.04 0.05 0.12 0.14 0.06 0.09 0.10 0.11 0.16 0.17 
B 7.98 7.83 7.39 5.34 4.98 6.86 6.92 6.52 6.25 5.25 5.12 
 
Fig. 1-i shows that non-dimensional shear velocity (u*/U where U=profile depth-
averaged velocity) is limited in sensitivity to flow or bed particle size. Fig. 1-ii 
however does indicate a hierarchy of sensitivity to the method of estimating u*: 
u*(S) > u*(C) > u*(R). Values obtained with the slope method are u*(S)~0.1, the 
Clauser method gives u*(C)~0.09 and the Reynolds stress method suggests 
u*(R)~0.08. These values are similar to the range 0.06-0.1 by Dey and Raikar 
(2007) and 0.05-0.1 by Grass and Mansour-Tehrani (1996) for rough flows. 
 
 
 
 
 
 
 
Figure 1. Relationship of non-dimensional shear velocity u*/U and depth averaged flow velocity 
U. (i) shows u*(C) for each bed identified by the D50. (ii) shows u* obtained from the three 
alternative methods. Both graphs include validation data from Piedra et al. (2008). 
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The results for the integration parameter B are persistently lower than 8.5, 
especially for beds of smaller D90. Although B does not appear to have a clear 
relationship with flow (Fig. 2-i), it does show reasonable correspondence with z0 
(Fig. 2-ii), indicating that B decreases with hydraulically rougher beds. These 
results suggest that the value of B depends on the bed roughness and previous 
assumptions of a constant value of B=8.5 may not be appropriate. It is also noted 
that as ks=D90 is smaller than those used by other authors (see 2.1) B must 
necessarily be smaller.  
 
 
 
 
 
 
Figure 2. Variation of B with (i) flow magnitude and (ii) bed roughness length. 
 
5. Conclusions 
 
This paper has presented a literature review and experimental data designed to 
reduce confusion over differences in the equations pertaining to logarithmic 
velocity profile theory and inconsistency in the associated symbols. The 
following conclusions are drawn for the experimental data presented in the 
present paper: (i) a revised symbols list is presented and advocated; (ii) there is 
a hierarchy of sensitivity to the method of estimating u* with values for the 
depth-slope method > Clauser method > Reynolds stress method; (iii) values of d 
are smaller than commonly assumed, often obtaining d=0 for the experimental 
beds tested; (iv) bed roughness length (z0) appears to adequately reflect the 
hydraulic roughness of the bed, with uniform beds being rougher than graded 
beds; and (v) values of B obtained are smaller than 8.5, with smaller values for 
rougher beds.  
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